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                 CHAPTER 1
    ･Mutualisms are found at all levels of biological
organization and often play fundamenta1 roles in the
origin and maintenace of biodiversity. Understanding
factors that promote evolution and persistence of
mutualisms requires studies from various'taxonomic,
ecological, and evolutionary approaches. Obligate
mutualisms between plants and their seed-eating
insects have provided important model systems fbr
this purpose, and previous studies in the fig-fig wasp
and yucca-yucca moth.systems have greatly
improved our understandings of various' attributes of
mutualisms. The recently discovered analogous
system between Glochidion trees (Phyllanthaceae)
and IEipicqphala moths (Gracillariidae) offer
promising new opportunities to test and refine these
earlier findings. Furthermore, the taxonomic and
ecological diversity of related taxa in both groups
allows detailed investigation of origin of the complex
mutualism. The association between'Phyllanthacea
and jEipicephala holds promise fOr an ever-growing
field of evolutionary biology
                CHAPTER 2
   Species-specific obligate pollination mutualism
between Glbchidio'n trees (Phyllanthaceae) and
jEipicephala moths (Gracillariidae) involves a large
number of interacting species and resembles the
classically known fig-fig wasp and yucca-yucca
moth associations. rlb assess the extent of parallel
cladogenesis in Glochidion-lipicephain association, I
reconstruct 'phylogenetic relationships of 18 species
of Glochidion using nuclear ribosomal DNA
sequences (internal and external transcribed spacers)
and those of the corresponding 18 Iipicephala species
using mitochondriai (the cytochrome oxidase subunit
I gene) and nuclear DNA sequences (the arginine
kinase and elongation factor-la genes). Based on the
obtained phylogenies, I determine whether
Glochidion aRd Elpicephala have undergone parallel
diversification using several different methods for
investigating the level of cospeciation between
phylogenies. These tests indicate that there is
generally a greater degree of correlation between
Glochidion and Ilpicqphala phylogenies than
expected in a random association, but the results are
sensitive to selection of different phylogenetic
hypotheses and analytical methods for evaluating
cospeciation. Perfect congruence between
phylogenies is not found in this association, which
likely resulted from host shift by the moths. The
observed significant discrepancy between Glochidion
and Iipicephala phylogenies implies that the one-to-
ope specificity between the plants and moths has
                                   t
been maintained through a complex speciation
process, or that there is an underestimated diversity
of as'sociation between Glochidion trees and
EZ)icephala moths.
                 CHAPTER 3
   The obligate mutualisms between flowering
plants and their seed-parasitic pollinators constitute
fascinating examples of interspecific mutualisms,
which are often ch racterized by high levels of
pecies di ersity nd reciprocal species specificity
The diversification in these mutualisms has been
thought to occur through simultaneous speciation of
the partners medi ted by tight reciprocal adaptation,
but recent studies cast doubt on this general view. In
this chapter, I examine the diversity and species
specifici y of Elpicephala moths (Gracillariidae) that
pollinate Gl c idi n trees (Phyllanthaceae) using
analysis of mitoch ndrial and nuclear gene sequences.
Phylogenetic analysis of EPicephala moths
associated with five Glochidion species in Japan and
Taiwan reveal six genetically isolated species that are
also distinguishable by male genita1 morphology: (1)
two species specific to single host species (G.
acuminatum and G. zeylanicum, respectively), (2)
two species that coexist on G. Ianceolatum, and (3)
two species that share two closely related, parapatric
ho ts (G. obovatum and G. rubrum). Statistical
an lysis shows that the two species associated with G.
Ianceolatum are not sister species, indicating the
colonization of novel Glochidion host in at least one
lineage. Behav oral observations suggest that all six
species possess the actively pollinating habit, thus
none of th  studied species has become a non-
mutual stic `cheat r' that exploits the benefit
resulting from polli a ion by other species. These
results parallel recent findings in ecologically similar
associations, amely the fig-fig wasp and
yucca-yucca moth mutualisms, and contribute to a
more g neral understanding of the factors that
determine ecological and evolutionary outcomes in
these mutualisms.
              CHAPTER 4
  A commo  principle among obligate seed-
parasitiC pollination mutualisms is that the pollinators
consume onl  a Iimited amount of the seed crop
within a developing fruit (or fig in the case of fig-fig
wasp mutualism), thereby ensuring a net benefit to
plant reproduction. A novel obligate, seed-parasitic
pollina ion mutualism between two species of New
Caledonian Phyllanthus (Phyllanthaceae), a close
re ative of Gl chidion, and ]Elpicephald moths















 highly specialized flowers of Phyllanthus are actively
 and exclusively pollinated by species-specific
 Iipicephala moths, whose larvae consume all six
 ovules of the developing fruit. Some flowers
 pollinated by the moths remain untouched, and thus a
 fraction of the ftuits is left intact. Additional evidence
 for a similar association of Iipicephala moths in other
 Phyllanthus species suggests that this interaction is a
 coevolved, species-specific pollination mutualism.
 Implications for the evolutionary stability of the
 system, as well as differences in mode of interaction
 with respect to the Glochidion-Iipicephala
 mutualism, are discussed.
                 CHAPTER 5
    This chapter reports obligate seed-parasitic
pollination mutualisms in Breynia vitis-idea and B.
fruticosa (Phyllanthaceae). The genus Breynia is
closely related to Glochidion and Gomphidium (a
subgenus of Phyllanthus), in which pollination by
species-specific, seed-parasitic 1!ipicephala moths
(Gracillariidae) have been previously reported. At
night, female IIPicephala moths carrying numerous
pollen grains on their proboscises visited female
flowers of B. vitis-idea, actively pollinated flowers,
and each subsequently laid an egg. Examination of
field-collected flowers indicated that pollinated
flowers of B. vitis-ictea and B. fruticosa almost
invariably had lipicephala eggs, suggesting that these
moths are the primary pollinators of the two species.
Single E2picephala larvae consumed a fraction of
seeds within developing imit in B. vitis-idea and all
seeds in B. fruticosa. However, some of the ftuits
were left untouched, and many of these had sign of
moth oviposition, suggesting that eggllarval mortality
of EPicephala moths is an important factor assuring
seed set in these plants. The overall similarity of the
specialized fioral structure among Breynia species
may indicate that this pollination system is fairly
widespread within the genus.
                CHAPTER 6
   With more,than 1200 species worldwide,
Phyllantheae represents by far the most species-rich
tribe within the family Phyllanthaceae. Previous
studies have shown that plants of Glochidion,
Breynia, and Phyllanthus (subgenus Goruphidium)
are involved in obligate mutualisms with gracillariid
Iipicephala moths that actively pollinate the flowers
as adults and feed on the developing seeds as larvae.
However, considerable floral variation within the
tribe suggests that this pollination system may not be
widespread among the genera and subgenera within
the tribe. In this chapter, I examine flowers and fruits
of various species within Phyllantheae to determine
the taxonomic diversity of plants associated with
EPicephala moths. I also conduct field observation
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and pollination experiment to identify potential
 pollinator fauna fOr each species. I show that
 Phyllanthus shrubs of section Anisonema and an
unclassifi d group of Malagasy endemics are
 pollinated by seed-parasitic EPicephala moths,
 whereas the rest of the studied species are not
 involved in the mutualism. Non-pollinating
 Elpicephala parasitize the fruits of Flueggea
suMuticosa and several herbaceous Phyllanthus,
 which are e£fectively pollinated by diurnal insects.
These results show that some of the specialized floral
 structures found in Phyllantheae are associated with
IEipicephala pollination and provide important
 insights into the evolution of speciaiized mutualisms.
                CHAPTER 7
    Obligate mutualism between plants and seed-
parasitic polli ator  represents one of the most
obvious cases of coevolution, but the origins of such
interacti ns are exceedingly rare in nature. Previous
s udies hav  identified several ecological conditions
that facilitate evolution of mutualisms, which predict
that mutuaiisms can arise rapidly within lineages with
key life his ory traits. In this chapter, I test this
prediction using the association between
Phyllanthaceae plants' nd seed-parasitic Elpicqphala
moths have previously shown to have evolved
specialized pollination mutualisms. Phylogenetic
reconstruction of the plant and moth lineages, and
analyses of ancestral character reconstruction and
divergence time estimate suggest that obligate
pollination mutualism arose as' much as five times
within Phyllanthaceae. Active pollination behavior in
lipicephala or inated only once, being an
evolution y key innovation that has facilitated the
evolution of the m tualism. Repeated colonization by
the moths and subsequent coevolution have provided
multiple i dependent opportunities for adaptive
radiation in Elpicephala and associated reciprocal
diversification in Phyllanthaceae plants.
                   CHAPTER 8
    Th  diversity of pollination systems and
ecological associations with Elpicephala moths found
in Phyllanthaceae pr vides wealth of opportunity for
testing various hYpotheses on ecological and
evolutionary outcomes of mutualisms and
coevolutionary interactions.･Asymmetries in patterns
of specificity and diversification found at various
evels in this ssociation provide templates for
general understanding of complex genetic structure
and their significanc  in coevolutionary outcome.
Independ nt orig s of mutualism found in
Phyllanthaceae provide promising opportunities for
identifying ecological factors that promote mutualism,
and determin ng the historical role of coevolution in
driving r ciprocal diversification.
c
       Chapter 1
General introduction
     MUTUALISMS AS CENTRAL FOCUS IN
           BIODIVERSITYSTUDIES
    Mutualisms are ubiquitous in nature, often
ecologically dominant, and provide indispensable
services to the origin and maintenace of biodiversity
The origin of eukaryotic life can be traced back to
ancient mutualistic symbiosis, and plant cells are the
product of symbiotic life with chloroplasts (Dyall et
al. 2004). Subsequent success of land plants in
terrestrial ecosystems owes to the mutualisms with
mychorryzal fungi and nitrogen-fixing bacteria
(Blackwell 2000; Redecker et al. 2000), while most
flowering plants are dependent on mutualistic
pollinators and seed dispersers fOr successful
reproduction (Herrera and Pellmyr 2000). Many of
the ants and termites that dominate tropical
ecosystems are symbiotic with fungi that they
cultivate (Mueller et al. 2001; Aanen et al. 2002), and
various plants nourish ants that in turn protect them
from herbivores (Heil and McKey 2003; Quek et al.
2004). In marine ecosystems, much of the diversity in
coral reefs would simply disappear in the absence of
mutualisms between corals and symbiotic algae
(Baker 2003), or territorial fish and cultivated algae
(Hata and Kato, 2006). Mutualisms are so pervasive
on earth that it is often oyerlooked how central they
are to the evolution and maintenance of biodiversity.
   Despite their importance to the life on earth,
studies of evolutionary and ecological dynamics of
mutualisms have attracted very little attention during
the past decades (Bronstein 1994). This is in sharp
contrast with the great amount of knowledge
accumulated on various biological attributes of
parasitic and competitive associations. One important
reason fOr this, however, is that understanding of
antagonistic interactions has been fundamental to
applications in medical or agricultural practices, such
as disease control and pest management. It is not until
the last couple of decades that researchers have
started to focus on investigating various evolutionary
questions concerning mutualisms (Herre et al. 1999;
Sachs et al. 2004). Wlth the global decline of
biodiversity and growing appreciation of its
importance to human welfare, we are now quickly
leaming how mutualisms are pervasive and central to
the organization of biodiversity.
 FUNDAMENTAL QUESTIONS IN MUTUALISMS
   Mutualisms are not associations between
altruistic organisms, but best viewed as balanced
antagonistic interactions that nonetheless provide net
benefits to each other (Axelrod and Hamilton 1981;
Bull'and Rice; l991). Consequently, there is a
contlict of interest between the partners, and
overexploi ation of one partner by the other can
easily d srupt the balance between the cost and
benefit of the mutualism (Sachs et al. 2004). This
inherently fragile potentiai of the mutualism poses a
series of fundamenta1 evolutionary questions, and
unde standing what factors contribute to the
volution and per istence of mutualisms clearly
requires various study approaches from taxomomc to
ecological a d evolution ry point of view (Herre et al.
1999; Pellmyr 2003). For example, identifiCation and
characterization of partners in a mutualism provide
information about patterns of specificity and diversity
of the association that are the basis of any ecologicai
or evolutionary studies. Quantifying the cost and
benefit of the mutualism and identifying factors that
influence them are primary ecological approaches to
unders and mechanisms that align conflict of interests
(Pellmyr and Huth 1994; Kiers et al. 2003). On the
ot er hand, comparisons across related taXa in a
hylogenetic framework can provide important
insights into evo utionary outcomes of mutualisms
that have persisted for millions of years (Currie et al
2003), or h w inherently unstable associations have
originated i  the first place (Pellmyr and Thompson
1992). All of these approaches provide important
insights to various aspects of mutualisms and
contribute to a more general understanding of the
fac ors that nfluence ecological and evolutionary
outcomes of these potentially disruptive associations.
  OBLIGM]E POLLINATION MUTUALISMS AS
        IMPORTANT MODEL SYSTEMS
   Among various types of symbiotic associations,
the obligate mu ualisms between plants and their
seed-parasitic pollinators have provided important
model sys ems for s udies of mutualisms. The figs
and yuccas hav  evolved intriguing mutualisms with
specific wasps and moths, respectively, that actively
pollinate the flowers as adults and, in retum, feed on
a fraction of the seeds as larvae (Janzen 1979;
Weiblen 2002; Pellmyr 2003). These interactions
involve fairly large organisms, which make them
asier to handle and manipulate experimenta11y, and
are highly species-specific associations, which enable
more precise investigations of ecological and
evolutionary dynamics of the interactions.
Furthermore, th  cost and benefit of the mutualism
can be asily me sured by counting the number of
seeds, thu allowing a clear appreciation of the
factors that influence ecological consequences of the
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interactions. rlbgether, these systems have greatly
contributed to the development and testifi'g of a range
of theories and ideas conceming various attributes of
mutuliasms. For example, phylogenetic studies in the
fig-wasp system have revealed the extent to which
speciation in figs is tracked by speciation in wasps, or
taxonomic and geographic scales to which fig-wasp
specifiCities are structured and maintained (Molbo et
al. 2003; Weiblen 2002, 20041>. Ecological studies in
the yucca-moth system have found possible
ecological mechanisms that could stabilize the
balance between seed destruction and moth
population size (Pellmyr and Huth 1994; Addicott
and Bao 1999). Also, comparisons of life history
traits in related moth groups have identified trait
changes that have been involved during the evolution
of the mutualism, and major transition events from
mutualism to secondary antagonism (Pellmyr et al.
1996a,b).
PHYLLANTHACEAE.EPICEPHALA MUTUALISM:
          A NOVEL MODEL SYSTEM                                       '   Recently, a striking novel example of obligate
pollination mutualism was fOund between seed-
parasitic moths of the genus Iipicephala
(Gracillariidae) and their host Glochidion trees
(Phyllanthaceae; Kato et al. 2003). In this mutualism,
the female moth uses her specialized proboscis to
actively collect and transport pollen between host
flowers. She deposits the pollen in the stigmatic
cavity of the female flower and subsequently inserts
her long ovipositor to lay an egg in the flower she
pollinates. The resultant seeds are the exclusive fbod
for the lipicephala larva, but a fraction of the seeds is
still viable for plant reproduction. Reciprocal plant
specialization to lipicephala moth has led to obligate
mutual dependence, such that neither of the partners
can successfully reproduce in the absence of the other
   This newly discovered mutualism provides
promosing opportuni ies to corroborate and refine
earli r findings in th  fig and yucca systems, as the
association is highly species-specific and involves an
incredibly diverse lineage (>300 species in
Gloc idion). Despite overaiI similarity to the fig and
ucca systems, there are also major differences,
including pollinator taxonomy, proponion of seeds
destroyed by each larva, and degrees of pollinator
spe ific ty. These dififerences oflier interesting new
opportunities for comparative analysis across systems
regarding v r ous aspects of mutualism. Furthermore,
related taxa of the mutualists potentially include
species with divergen  life histories, allowing an
empirical investiga ion of the origin and evolutionary
consequences of the mu ualism. The discovery of this
novel association opens up previously unexplored
horizon n an i creasingly important field of ecology
and evolutionary biology.
       ORGANIZATION OF THE THESIS
    This thesis consists of eight chapters, the first of
which is the introduction given here (Chapter 1). In
the next two chapters (Chapters 2 and 3), I investigate
pattems of historical association between Glochidion
trees and EPicephala moths. I determine the extent to
which spe iat on in the hosts (Glochidion) is tracked
by speciat on in the pollinators (Elpicephalti) in
Chapter 2, and as ess pattems of specificity and
diversity of the association within a smal1 geographic
scale in C apter 3. In the fo11owing three chapters
(Chapters zF6), I describe pollination systems and
modes of association with Elpicephala moths in
various taxa of Phyllanthaceae to provide basic
information upon which to infer the origin of the
mu ualism. Finally, I interpret this information in a
phylogenetic context o study patterns of mutualism




Cospeciation analysis of an obligate pollination mutualism: Have
Glochidion trees (Phyllanthaceae) and pollinating Epicephala moths
(Gracillariidae) diversified in parallel?
INTRODUCTION
Obligate pollination mutualism between plants
and their seed-parasitic pollinators is perhaps one of
the most specialized cases of plant-insect coevolution
(Janzen 1979; Wiebes 1979; Pellmyr et al. 1996a;
Weiblen 2002; Kato et al. 2003; Pellmyr 2003).
Fig-fig wasp and yucca-yucca moth associations are
well-known examples, which are diverse and usually
species-specific and possess various traits that are
thought to have resulted from reciprocal adaptation
(Ramirez 1974; Wiebes 1979; Pellmyr 1999, 2003;
Weibien 2002; Cook and Rasplus 2003). These
attributes of the interactions have long provided
model systems for studies of coevolution as well as
evolutionary and ecological aspects of mutualism
(reviewed in Herre 1999; Weiblen 2002; Cook and
Rasplus 2003; Pellmyr 2003). Recently, a novel
example of such interaction was found between trees
of the diverse genus Glochidion (>300 spp.;
Euphorbiaceae) and species-specific, seed-parasitic
moths of the genus Epicephala (Gracillariidae) (Kato
et al. 2003). In this association, the female
Epicephala moth uses its proboscis to actively collect
and transport pollen between Glochidion flowers and
lays an egg in the style. The Epicephala larva feeds
solely on the developing seeds of Glochidion and
destroys a small proportion of the crop. Because
Epicephala moths are the exclusive pollinators of
Glochidion trees, neither of the mutualists can
successfully reproduce in the absence of the other.
When two interacting lineages have been in
intimate association during much or all of their
diversification, as in the case of obligate pollination
mutualisms or some host-parasite interactions, there
is a probability that speciation in one group is
paralleled by speciation in the other. This mode of
diversification results in a pattern of shared
evolutionary history between the two lineages,
known as cospeciation (Hafner and Nadler 1988;
Hafner et al 1994; Moran and Baumann 1994; Page,
1994; Page and Charleston 1998; Huelsenbeck et al.
2000). Cospeciation can be a non-adaptive process
that occurs in the absence of selection. For example,
repeated vicariance events followed by shared
allopatric speciation can produce a pattern of parallel
diversification (Roderick 1997). However,
cospeciation can also be reinforced or directly result
from adaptive process (Moran and Baumann 1994;
Clayton et al. 2003a,b). For example in feather lice
and their avian hosts, preening behavior of the host
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imposes selection on louse body size, which prevents
lice from switching between hosts of different sizes
(Clayton et al. 2003a). In obligate pollination
mutualisms, the pollinators are responsible for the
fertilization among conspecific host flowers, and thus
some adaptation in the plants to exclude non-
legitimate pollinators is likely present. In fact, there
are several candidates of reciprocally selected traits
that may reinforce plant-pollinator specialization,
such as synchronized phenological patterns (Wiebes
1979; Beck and Lord 1988; Patel and Hossaert-
McKey 2000), species-specific olfactory signals
(Ware et al. 1993; Hossaert-McKey et al. 1994; Song
et al. 2001; Grison-Pige et al 2002, 2003), and
reciprocal adaptation between pollinator morphology
and floral structure (Ramirez 1974; Herre 1989; Van
Noort and Compton 1996; Kato et al. 2003; Weibien
2004). Thus, knowledge on the degree of
cospeciation in obligate pollination mutualisms
provides an essential step towards understanding the
historical role of coevolution in shaping speciation
and diversification in plants and pollinators.
Previous studies using the fig-fig wasp system
have indicated a significant level of cospeciation at
both lower and higher taxonomic levels (Herre et al.
1996; Weibien 2000, 2001; Machado et al. 2001;
Weibien and Bush 2002). However, strict congruence
of phylogenies has not been found in the fig-fig wasp
association. In addition, there are several documented
cases in which multiple distantly related fig wasp
species associate with a single host, further indicating
a lack of strict-sense cospeciation in this association
(Wiebes 1979; Compton 1990; Michaloud et al.
1996; Rasplus 1996; Kerdelhue et al. 1999; Lopez-
Vaamonde et al. 2002; Molbo et aI., 2003). Although
analysis of parallel cladogenesis using the
yucca-yucca moth system has not been thoroughly
conducted, mapping of Yucca sections on yucca moth
phylogeny indicates that host plant use is relatively
conserved at higher taxomonic levels (Pellmyr and
Leebens-Mack 1999; Pellmyr, 2003). However,
obvious instances of colonization based on existing
classification, combined with occurrence of a yucca
moth species on multiple yucca hosts indicate that
strict-sense cospeciation has not occurred in the
yucca-yucca moth system either (Pellmyr et al.
1996b; Pellmyr 1999, 2003; Pellmyr and Balc<izar-
Lara 2002; Pellmyr and Segraves 2003).
While previous studies using the fig-fig wasp
and yucca-yucca moth systems provided insights into
 macroevolutionary patJtems in these. specialized
 interactions, the mutualism between GZochidion and
 lipicephala offers a novel opportunity to corroborate
 and refine these earlier observations. This system is
 panicularly suited for such analysis, as the
 association is highly species-specific and extremely
 diverse (Kato et al., 2003). The genus Glochidion
 comprises more than 300 species distributed in
 tropical Asia, Australia, and Polynesia (Govaerts et al.
2000; Hoffmann and McPherson 2003) with multiple
 species commonly occurring in sympatry. Elpicephala
 moths associated with Glochidion plants are currently
all undescribed, but individual moths associated with
different Glochidion hosts can potentially be
distinguished morphologically (Kato et al. 2003). In
principle, they ditifer in the genitalic structure of the
males, while there are also slight differences among
the female genitalic characters (Kato et al. 2003). In
this study, I provide the first analysis of the level of
cospeciation between Glochidion trees and
Eipicqphala moths using molecular phylogenetic
analysis of 18 species of Glochidion and the
corresponding 18 species of Iipicephala.
Phylogenetic analyses are based on nucleotide
sequences of the internal and external transcribed
spacer regions of the nuclear ribosomal DNA (ITS
and ETS) for Glochidion trees, and those of the
mitochondrial cytochrome oxidase subunit I gene
(COI) and nuclear arginine kinase (ArgK) and
elongation factor-loe (EF-loc) genes for EPicephala
moths.
    Apart from plarit-pollinator interactions, studies
of cospeciation have focused primarily on
hosFparasite associations, such as those between
insect ectoparasites and their avianlmammalian hosts
(Hafner and Nadler 1998; Page 1990, 1996; Hafner et
al. 1994; Clayton et al. 2003a), bacterial symbionts
and their invertebrate hosts (Moran and Baumann
1994; Peek et al. 1998; Clark et al. 2000; Shoemaker
et al. 2002), and herbivorous insects and their host
plants (farrell and Mitter 1990, 1998; Farrell et al.
1992; Funk et al. 1995; Roderick 1997; Becerra
1997). These studies have shown that phylogenetic
congruence is imperfect or absent fbr most of the
interactions but a few rare cases are known in which         'two phylogenies are consistent with the hypothesis of
strict cocladogenesis (Peek et al. I998; Clark et al.
2000; Lo et al. 2003; Degnan et al. 2004). Recent
growing interest in this area has lead to the
development of various analytical tools for testing the
hypothesis of cospeciation, such as Brooks'
parsimony analysis (Brooks 1981), reconciliation
analysis (TreeMap; Page 1994), event-based method
(TreeFitter; Ronquist 1995), maximum-likelihood
method (Huelsenbeck et al. 1997), Jungles analysis
(Charleston 1998), and distance-based method
(ParaFit; Legendre et al. 2002). These methods
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consider various assumptions fOr infening the
 op imal evolut ary scenario for hosFparasite
 associa ions and use different null hypotheses to test
 the significance of cospeciation. I therefore use
 sever  of the e t sts to determine whether
 Glo hidio  trees and Iipicephala moths have
 und r o e parallel diversification and propose
 possible n erpre ations of the observed pattern.
          MIYTERIALS AND METHODS
                 SAMPLING
    A Ii t of species sampled and their Iocality
 informati n are g ven in Table 1. I sampled 18
 Glochidion species collected from various localities
within the distribution of the genus (fable 1).
Although there is little information concerning
intrageneric taxonomy of Glochidion (Webster 1994;
Gov erts et al. 2000), my sampling includes
representatives of the three morphological groups
prev ously identified by Levin (1986) and thus cover
a wide range of morphological variation found within
this large genus. Representatives of Breynia and
Saurzrpus wer  sampled as outgroups, which likely
represent sister groups of Glochidion (Webster 1994).
   Fo  EPicephala, I sampled a single individual
f om each of the 18 morphologically delimited
species collected from their respective Glochidion
host . Kato et al. (2003) showed that jEipicephala
moths sociated with different Glochiction species
an al o be distinguished genetically, based on
sequence variation of the COI gene among
1ip cephala moth  collected at various localities in
Japan and rf iwan. Therefbre, the use of a single
individual to repres nt each Elpicephala species in
this study is f irly reasonable. Description of these
moth species will b  provided elsewhere, as the
results of the curre  analysis would not be affected
by nomenclature. For outgroups, two EPicephala
mo hs associated with Bneynia and Phyllanthus, the
clo  relatives of Gl chidion, were used.
            MOLECULAR METHODS
   I extracted plant genomic DNA from field
collected, silica-gel dried leaves either using Plant
Tissue Kit (Qiagen, Valencia, CA) or following a
standard CrllAB protocol. We PCR-amplified the
fragments sp nning the entire ITS-1, 5.8S rDNA, and
ITS-2 regions using primers ITS-5 and ITS-4 (wnite
et l. 1990) and the ntire intergenic spacer region
between 28S and 18S rDNA including EI"S using
primers 28S-IGS and l8S-IGS (Baldwin and TV!arkos
98 . PCR conditions fOr amplifying the fragment
containing the ITS region were as fo11ows: initial
denaturation step at 94eC for 5 min, 30 cycles of 30
sec at 940C, 30 sec at 550C, and 1 min at 720C, and
final extension at 720C for 7 min. Those fbr
amplifying EI"S were: initial denaturation at 940C for
Table 1. A list of species analyzed in the study with information on their collection locality. Because all species of Epicephala are currently undescribed,










































E. sp. (Breynia distica)
E. sp. (Phyllanthus koumacensis)
Collection locality
Yakkachi, Amami Island, Japan





Mt. Lewis, Queensland, Australia
Mt. Windsor, Queensland, Australia
Lambir, Borneo Island, Malaysia
Banna, Ishigaki Island, Japan
Cape Toi? Miyazaki, Japan
Nanjin, Taiwan
Mt. Lewis, Queensland, Australia
Banna, Ishigaki Island, Japan
Navai, Fiji
Mt. Popa, Myanmar





[lhble 2. A list of primers originally desigped for the present study.
bottom) from the 5' to 3'-end of the EI"S re'gion.
ETS pr mers are located in this order (top to




















5 min, followed by 30 cycles of 30 sec at 940C, 30
sec at 680C, and 3 min at 720C, with a final extension
at 720C for 7 min. All PCR amplifications were aided
by Ex faq DNA polymerase (faKaRa, Otsu, Japan)
and carried out on GeneAmp PCR System 9700
(Perkin-Elmer, Foster City, CA). PCR products were
purified using QiaQuick PCR Purification Kit
(Qiagen). Sequencing was perfbrmed on both strands
using the ABI Prism dye terminator cycle sequencing
ready reaction kit (Perkin-Elmer) and electrophorased
on an ABI 3100 sequencer (Perkin-Elmer). The
primers as used in amplification were used for
sequencing the ITS regions. For ETS, vve used 18S-E
(Baldwin and Markos 1998) in combination with
additional sequencing primers listed in rfable 2.
   For Eipicephala, I sampled a single individual
from each of the 18 morphologically delimited
species collected from their respective Glochidion
hosts. Kato et al. (2003) showed that EPicephala
moths associated with ditiferent Glochidion species
can also be distinguished genetically, based on
sequence variation of the COI gene among
jEipicqphala moths collected at various Iocalities in
Japan and faiwan. Therefbre, the use of a single
individual to represent each ]Eipicephala species in
this study is fairly reasonable. Description of these
moth species will be provided elsewhere, as the
results of the current analysis would not be affected
by nomenclature. For outgroups, two Elpicephala
moths associated with Breynia and Phyllanthus, the
close relatives of Glochidion, were used.
            MOLECULAR METHODS
   I extracted plant genomic DNA from field
collected, silica-gel dried Ieaves either using Plant
Tissue Kit (Qiagen, Valencia, CA) or fOllowing a
standard CrllAB protocol. We PCR-amplified the
fragments spanning the entire ITS-1, 5.8S rDNA, and
ITS-2 regions using primers ITS-5 and ITS-4 (wnite
et al. 1990) and the entire intergenic spacer region
between 28S and 18S rDNA inciuding ETS using
primers 28S-IGS and 18S-IGS (Baldwin and Markos
1998). PCR conditions for amplifying the fragment
containing the ITS region were as follows: initial
dena ur tion step at 940C for 5 min, 30 cycles of 30
sec at 940C, 30 sec at 550C, and 1 min at 720C, and
final extension at 720C for 7 min. Those for
amplifying the EI"S fragment were:-initial
denaturation at 940C for 5 min, followed by 30 cycles
of 30 sec at 940C, 30 sec at 680C, and3 min at 720C,
with a final ex ension at 720C for 7 min. AII PCR
amplifications were aided by Ex Taq DNA
polymerase (TaKaRa, Otsu, Japan) and carried out on
GeneAmp PCR System 9700 (Perkin-Elmer, Foster
City, CA). PCR products were purified using
QiaQuick PCR Purification Kit (Qiagen). Sequencing
was perfOrmed o bo  strands using the ABI Prism
dy  terminator cycle sequencing ready reaction kit
(Perkin-Elmer) and electrophorased on an ABI 3100
sequencer (Perkin-Elmer). The primers as used in
amplification were used for sequencing the ITS
regions. For ETS, we used I8S-E (Baldwin and
Markos 1998) in ombination with additional
s quencing primers listed in rfable 2.
    Genomic DNA of Iipicephala moths was
extracted either from larvae or adults reared from
fruits of their respective hosts using DNeasy Tissue
Kit (Qiagen). I PCR-amplified the COI region using
prim rs described in Kato et al. (2003) and the ArgK
an EF-la r gions using primers given in 'Iletble 2.
PCR condi ions fOr both regions were identical to
tho e for ITS, except that annealing temperature was
400C, 500C, and 600C for COI, ArgK, and EF-la,
r spectively The products were purified and
sequenced as described above using the amplification
primers and additional internal sequencing primers
provided in Kat  et al. (2003) for the COI region.
         PHYLOGENETICANALYSIS
  AIign ent of COI, ArgK, and EF-1ct was
straightforwa d and required no gaps. Sequences of
the ITS and ETS regions varied in length among
sp cies and w e al gned using Clustal X (Thompson
et al. 1997) with manual correction of obvious
misalignments. Because 5'-end of the outgroup ETS
sequences w re highly dissimilar with respect to
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those of the ingroup, I excluded nearly half of the
MS region we obtained for the outgroup and coded
as missing data in the analysis. Gaps within the ITS
and ETS regions were also treated as missing data
throughout the analysis. The obtained sequences have
been deposited in the GenBank database under
accession numbers AY525678-iMl525757 and
AY538751-AY538770.
   AII phylogenetic analyses were done using
R4iUP" version 4.0blO (Swoflbrd 2002), unless
otherwise mentioned. Because the ITS region
contained only 11 parsimony-informative characters
within the ingroup and did not provide sufficient
resolution to phylogenetic estimates, ITS and ETS
were analyzed simultaneously throughout the
analysis. The COI, ArgK, and EF-1ct regions were
analyzed both separately and simultaneously
Concordance of phylogenetic signals among data
partitions (ITS-1, ITS-2, and ETS for Glochidion and
COI, ArgK, and EF-1or fbr EPicephala) was assessed
using the incongruence length difference test (ILD
test; Farris et al. 1994). The test was performed using
1000 replications after removing constant and
uninformative characters, as suggested by
Cunningham (1997) and Lee (2001), which indicated
no significant heterogeneity among data partitions (P
> O.4 fOr all pairwise comparisons). Recent studies
have illustrated problems with the ILD test in
assessing incongruence among data partitions
(Dolphin et al., 2000; Barker and Lutzoni, 2002;
Darlu and Lecointre, 2002), and thus I did not use
this test as a criterion for data combinability.
However, tree topologies obtained in the separate
analyses were highly concordant among data
partitions (see Results), thus supporting the rationale
for perfbrming simultaneous analyses.
    I obtained most-parsimonious (MP) trees by
heuristic searches with 100 random addition analyses
and tree bisection-reconnection (TBR) branch-
swapping. Heuristic searches were run without
collapsing branches with zero length in order to
obtain fully resolved trees, which is required in
subsequent tests of cospeciation. Robustness of the
MP trees was validated with bootstrap analysis with
1000 replications and decay indices (Bremer 1994).
Command. file for calculating decay indices were
produced using TreeRot.v2 (Sorenson 1999).
    I also performed maximum-likelihood (ML)
analysis by heuristic searches with 10 random
addition analyses and TBR branch-swapping. 'Ib
obtain fu11y resolved trees, branches with efft)ctively
zero length were not collapsed in the searches. The
program Modeltest 3.0 (Posada and Crandall 1998)
was used to select appropriate models of base
substitution and to estimate model parameters. Nodal
support was assessed using bootstrap analysis with
100 replications.
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            COS?ECIA:I'IONTESTS
  Tb assess wheth r species of Glochidion and
jEPice hala ave undergone parallel diversification, I
used reconc liation analysis, as implemented in the
programs TreeMap 1.1 (Page 1994) and TreeFitter
1.0 (Ronquist 1995). TreeMap uses a simple model to
find optimal reconstructions of the history of the
association by maximizing cospeciation events and
minimizing host shifts (Page 1994). In situations
where host shifts are likely to be common, however,
this methodology is not guaranteed to find optimal
solutions (Page nd Charleston 1998). A more recent
version of this program, TreeMap 2.0b (Charleston
and Page 2001) implements the Jungles analysis
(Charleston 1998), which considers all potentially
optimal solutions and offers a more appropriate
means of dealing with host shifts. However, this
program is currently limited in size and complexity of
data sets that can be computed in al}owable time and
memory. Thus, in this study I used the program
TreeMap 1.1 with the heuristic search option to
r concile plant and moth trees. On the other hand,
TreeFitter u es different algorithm and optimality
criterion for reconciling the two phylogenies. Costs
are assigned to the four types of cophylogenetic
events (cospeciation, duplication, sorting, and host
shift; for detailed terminology, see Page [1994]; Page
and Charlton [1998]), and optimal solutions are found
by minimizing the global cost of the reconstruction.
Because TreeFitter is computationally simpler than
TreeMap, reconstructions involving many host shifts
can be recovered. The disadvantage of this method is
that the placem nt of each cophylogenetic event on
the phylogeny can not be output.
    In both TreeMap nd TreeFitter, one can test the
null hypothesis that the two phylogenies are
rand mly related by comparing the scores of optimal
rec nstructions (number of cospeciation events for
TreeMap and global cost for TreeFitter) with those of
randomly obtained phylogenies through
permuta ional procedure. Because these programs
require fully resolved trees, I tested all combinations
of the tai d tree topologies between Glochidion
and lipicqphala to account for phylogenetic
u certainty. TreeFitter also allows assignment of
different costs to the four types of events, so I varied
these costs to assess its effect on the test results. All
tests wer  perfOrmed based on 999 permutations.
In addit on to T eeMap and TreeFitter, I also used the
method ParaFit (Legendre et al. 2002), which, rather
than tree topologi s, uses matrices of patristic
distance  (summed branch lengths along a
phylogenetic tree) or phylogenetic distances
calculated directly from sequence data. Whereas
Tre Ma  and TreeFitter requires fully resolved trees
and thus are ensitive to selection of different
















 provide different results among several optimal
 phylogenies. In this test, distance matrices' of the two
 groups are transfbrmed to principal coordinates
 (Gower 1966), and the trace statistic is calculated by
 taking planFpollinator associations into account.
 Null hypothesis that the two groups are randomly
 associated is tested through permutational procedure;
 planFpollinator relationships are permuted to obtain
 a null distribution of the test statistic against which
 the observed value is tested. This method also allows
 one to test whether each plant-pollinator association
 contributes significantly to the global fit of the two
 phylogenies. This is done by calculating trace
 statistics with and without a given planFpollinator
link, and testing the difference between the two
statistics by permutation. Numerical simulations
indicated that these tests have correct rate of type-I
error under various error conditions (Legendre et al.
2002). In this study, I used patristic distances
calculated from the ML trees of Glochidion and
EPicephala. The ML trees obtained from both
separate and simultaneous analyses of EPicephain
were used in the test Principal coordinates were
calculated using the DistPCoA software (Legendre
and Anderson 1998), and the test was performed by
999 permutations using the program ParaFit
(Legendre 2001).
    If Glochidion and EPicephalti phylogenies show
significantly higher correlation than expected by
chance, the observed topological incongruence may
simply be explained by systematic error (e.g., Iimited
number of informative characters or inadequate taxon
sampling), rather than actual biological processes
such as host shifting. Therefbre, I tested the
hypothesis that the same tree topology underlies
Glochidion and jElpicephala data sets using the
likelihood-based Shimodaira-Hasegawa test (SH-test;
Shimodaira and Hasegawa 1999; Goldman et al.
2000). In this test, the likelihood score of the best
topology for a given data set is compared to the
scores of alternative topologies obtained from other
data sets. All unique topologies obtained in the MP
and ML searches of both separate and simultaneous
analyses were used in the test (branches with
effectively zero length were collapsed).
   In addition, I accounted for the possibility of
introgressive hybridization andlor incomplete lineage
sorting of ancestral polymorphisms within the
EPicephala lineage, which potentially causes
incongruence between Glochidion and 1ipicephala
phylogenies (Herre et al. 1996; Machado et al. 2001;
Demastes et al. 2003). If such stochastic processes
are involved in the Elpiccphala moth evolution,
different loci are expected to undergo different
evolutionary history due to recombination andlor
different modes of inheritance. Therefore, topological
Congruence among different loci within EPicephala
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can be used to assess whether or not phylogenetic
 estim es were a[Efected by genetic introgression
andlor Iineage sorting. For this purpose, I perfbrmed
 the SH-test among COI, AtgK, and EF-la to
 determine the level of phylogenetic coni]ict among
 loci. Each data set was tested against all unique
 topologies obtained in the MP and ML analyses of
 the a}ternative data sets (branches with effectively
 zero length were collapsed).
                  ･RESULTS
    The complete ITS-1 and ITS-2 regions had 222
 a'nd 219 aligned nucleotide sites, respectively These
re ons had very lit le sequence variation among the
ingroup; of the combined 441 nucleotide sites, only
 il were parsimony-infOrmative fOr the ingroup, and
pairwise sequence difference among the ingroupwas
 1.5 ± O.7% (mean ± SD; range, O-3.1%). For. EI"S, I
obtained 1492 alig ed nucleotide sites, of which 46
were parsimony-infbrmative fOr the ingroup.
Sequence divergence among the ingroup was
comparable to that of the ITS region (pairwise
sequence difiference, 1.6 ± O.5%; range, O.2-2.8%).
For the outgroup taxa, only the 3'-end half (721
aligned nucle tide sites) of the ETS region was
included in the an lysis due to alignment ambiguity;
5'-end haif of the region was coded as missing data.
    Simultaneous parsimony analysis of the ITS and
ETS regions resulted in a single shortest tree (Fig. 1).
This tree was identic l to the single MP tree obtained
by ETS alone, and all 11 informative characters
among the ingroup within the ITS region mapped to
the EI"S phylogeny without homoplasy, indicating
that phylogenetic signals between ITS and ETS are
highly concordant. Simultaneous likelihood analysis
lso resul ed in a tre  that is identical to the MP
topology (Hg. 1).
    The data matrices of COI, ArgK, and EF-la
consisted of 1325, 767, and 496 bp, respectively, of
which 206, 63, and 32 were parsimony-informative
for the group. Pairwise sequence difference among
the ingroup fOr COI, ArgK, and EF-1ct was 7.0 ±
1.4% (O.2-9.7%), 3.7 ± 1.1% (O-6.0%), and 2.6 ±
O.9% (O-4.5%), respectively. Parsimony analysis of
indivi ual data sets produced 9, 15, and 18 shortest
trees, respectively. Howeveg MP trees derived from
the EF-lot data s t contained branches with zero
length, and f these branches were not collapsed, the
number of MP tree  increased to 378. Likelihood
analysis of individual d ta sets produced trees that are
either identical to one or a subset of the MP trees
(bran e  with efTectively zero length were not
col psed). Thus, f r the fo11owing TreeFitter and
TreeMap analyses, w  considered the fully resolved
MP topologies as the EPicephala phylogeny.
   Simultaneous parsimony analysis of the












































































100    G. seeman"
G. concolor
G. harvayanum
99     G. obovatum

















































E, sp. (collinum )
E. sp. (cordatuop
E. sp. (B. distica)








          E. sp. kaylanicum)
          E. sp. (lanceolatum)
       E. sp. (ferdinandii)
       E. sp. (caledonicum)
5       E. sp. Cpungens)
   E. sp. (obovatum)
   E. sp. (rubrum)
     E. sp. (acuminatum)
    E. sp. (velutinum)
   E. sp. (cotlinum)
   E. sp. (cortlatum)
    E. sp. (lanceisepalum)




   E. sp. Cphillipicum)
E. sp. (seemanii)
E. sp. (concolbr)
      E. sp. (benthamianum)
E. sp. (sp.)
E. sp. (B. distica)
E sp. (P. koumacensis)
O.Ol substitutionslsite
Fig. 1. Maximum-parsimony and maximum-likelihood trees fbr the 18 species of Glochidion and jEipicephala analyzed in the study.
Glochidion phylogenies (A, B) were estimated using the combined ITS and ETS sequence data; those of lipicephala (C, D) were based
on the combined data set of COI, ArgK, and EF-1ct sequences. (A) The single most-parsimonious tree of 372 steps (consistency index
excluding uninfbrmative characters [CI] = O.91, retention index [RI] = O.93). (B) Maximum-likelihood phylogeny estimated using
HKY + r substitution model (-ln likelihood = 4r776.0229; empirical base frequencies with rate heterogeneity; transitionltransversion
ratio = 1.7532; gamma shape parameter = O.7701). (C) The single most-parsimonious tree of 1286 steps (CI = O.50; RI = O.56). (D)
Maximum-likelihood phylogeny estimated using GTR + F + I substitution model (-ln likelihood = 10138.0841; empirical base
frequencies with rate heterogeneity; gamma shape parameter = O.7580; proponion of invariable sites = O.5315; transformation
parameters [A-C] = 1.9845, [A-G] = 5.7716, IA-T] = 6.0535, [C-G] = 2.0840, [C-T] = 19.0841, [G-T] = 1.0000). Numbers above and
below branches are bootstrap values and decay indices, respectively. Because lipicephald moths analyzed in this study are all
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                        concolor N concolor
Fig. 2. Phylogenetic trees for Glochidion (left) and ]Elpicephala (right) with information on plantrmoth associations. The Glochidion
tree is the maximum-likelihood topoiogy inferred from the combined ITS + ETS sequences; the lipicephala tree is the maximum-
likelihood tree based on the combined COI, ArgK, and EF-la sequences. Cospeciating nodes as inferred from the TreeMap analysis are
indicated with circles. Because Iipicephala moths analyzed in this study are all undescribed, only the species .names of their respective
hosts are given. Species of Glochidion are also designated by their species names. ･
the likelihood analysis produced a topology
that is different from the MP topology (Fig. 1).
Because the MP and ML topologies obtained in the
simultaneous analysis were different from either of
the trees derived from separate data sets, these two
topologies were also used in the following tests of
cospeclatlon.
             COSPECNIONTESTS
    The TreeFitter and TreeMap analyses were
performed using the single MP/ML tree derived from
the combined ITS + ETS data set as the Glochidion
phylogeny and all unique topologies obtained in
separate and simultaneous analyses of COI, ArgK,
and EF-loL as the Ebicephala phylogeny. Figure 2
shows the comparison between the Glochidion
phylogeny and simultaneous ML topology of
EPicephala with information on plant-pollinator
relationships. Although Glochidion and Elpicephala
phylogenies are not strictly identical, there is a
tendency that associated plant and pollinator occupy
a similar position on the cladogram. Indeed, the result
of TreeFitter analysis, using default cost settings,
indicated that there is a better overal1 fit between
Glochidion and Iipicephala phylogenies than
expected by chance alone, although 16 % of the trees
inferred by EF-loe did not show significantly better
fit (Table 3). I also tested whether these results are
sensitive to cost settings by varying the costs of
sorting and host shifting, the two events that reduce
the overall fit be w en phylogenies. Because the
obtained results w e essentially similar among most
compari on only he results obtained using the
simultaneous Iipicephala ML and MP topologies are
presented here. When sorting and switching costs
were varied among O.5, 1, and 2 (maximum of four-
fold diflferenc ), overall fit was still significant,
suggesting that these results are not sensitive to cost
s tings (Table 4). Using the ML topology for
IZPicephala, th  overall fit disappeared when
cospeciation events were made almost impossible by
ssigning a very high cost (100), although this was
not obs rved when the three other events were
prevented (Table 3). This suggests that the significant
phylogenetic correlation observed between the
Glochidion tre  and EPicephala ML tree is best
explained by underlying cospeciation. When the MP
opology was used, correlation became non-
significant when either cospeciation or host shift was
pr vented, indica  a mixed pattern of cospeciation
and host sh ft between the Glochidion tree and
Lipic phala MP tree. ･   The number of cospeciation events on the
reconciled Glochidion-Illpicephala tree inferred by
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[lltble 5. The result of ParaFit analysis conducted using patristic distances of the maximum-likelihood tree
derived from the combined ITS and ETS 'sequences of Glochidion and that obtained from the combined COI,
ArgK, and EF-1or sequences of Iipicqphala. Probabilities are based on 999 permutations. The null hypothesis of
the global test is that the association between Glochidion plants and Elpicephala moths are random on the
phylogeny. In the test of individual links, the null hypothesis states that a given plant-moth association is
established at random. Because all Iipicephala moths are undescribed, species names of their respective host
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 tree uSed as the EPicqphala phylogeny (Table 3). The
 number of cospeciations was higher than expected by
 chance in only 22, 53, and 4% of the trees derived
 from COI, ArgK, and EF-1ct, respectively (rl}tble 3).
 Using trees obtained from the combined data set, the
number of nodes shared with Glochidion phylogeny
 was greater than expected by chance in the ML
topology but not in the MP topology (Table 3).
    Because TreeFitter and TreeMap uses fully
resolved trees and thus are sensitive to the selection
of dififerent optimal trees, I also perfbmied the
ParaFit analysis, which takes tree structure into
account, as complementary to the above two analyses.
The global test using ParaFit corroborated results
obtained by TreeFitter that there is a significant
correlation between Glbchidion and EPicephalti trees,
either when trees derived from individual loci or the
combined data were used as the Iipicephala
phylogeny (P = O.OO2 for COI, P = O.O09 for ArgK, P
= O.O19 for EF-1ct, and P= O.O05 fer the combined
data). However, the test of individual links indicated
that not al1 planFmoth associations contribute to the
global fit between the two phylogenies. rfable 5
'shows the test results of individual planFpollinator
links. Because the results were similar among
jElpicephala phylogenies derived from individual loci
and the com ined data, only the results obtained
using e simul aneous Elpicephala ML tree is
present d. The r sults show that some associations,
such as those between G. henthamianum, G. pungens,
and G. Ianceisepalum and their rpspective EPicephala
po linators do not contribute to the overall
phylogenetic structure ('Ilable 5), which can also be
inspected visually by comparison of the
Glochidion-lvicepha a phylogenies (Hg. 2). These
results indicate tha  while Glochidion and Elpicephala
phylogenies are consistent with a global cospeciation
pattem, there are also cases of apparent mismatch
between the two trees.
    Since th  results of TreeFitter and Parafit
indicated a significantly better fit between Glochidion
and j lpicephala phylogenies than expected by chance,
I teste  the hypothesis that the same topology
underlies plant and pollinator phylogenies, but
different trees are obtained due to systematic error.
The resul s of SH-t st indicated that there is a
s gnificant disagreem nt in the most Iikely topology
supported by Glbchidion and Iipicephala data sets
(rtfabl  6), indicating that the observed incongruence
between G ochidion-Iipicephala phylogenies can not
be explained by sampling error. We also examined
whether trogressive hybridization or incomplete
16
[Elable 6. Ln likelihoods of Glochidion and EPicephala trees under alternative data sets. Significance levels of
diiiferences between likelihoods were tested using the Shimodaira-Hasegawa test. Significant results indicate that
the score of the best tree fbr a given data set is significantly higher than the scores of the optimal trees based on
alternative data sets. Results were essentially identical when either parsimony or likelihood topologies were
tested; only the results obtained using likelihood topologies are presented. Combined, the combined COI, ArgK,
and EF-la data set; Delta, difference between the likelihood of trees; *"" P s O.OOI, "* P s O.Ol, " Ps O.05, -
notsi nificant.






















































































lineage sorting of ancestral polymorphisms within
E?picuphala account for the discrepancies between
plant-moth phylogenies by assessing topological
congruence among the COI, ArgK, and EF-1or trees.
The results of the SH-test indicated that there is no
significant incongruence among topologies supported
by different loci, although the optimal topologies
based on EF-la was not supported by the COI data
set (rfttble 6). These results indicate that the
assumption of shared evolutionary history for the
three loci is not rejected, and thus stochastic
processes are unlikely responsible for most of the
observed incongruence between phylogenies of
Glochidion and Elpicephala.
                DISCUSSION
 PHYLOGENETIC ANALYSES AND COSPECuaION TESTS
   Simultaneous analyses of ITS and ETS for
Glochidion and COI, ArgK, and EF-1ct for
Elpicqphala recovered several well-supported
groupings, which were mostly apical on the
phy ogeny (Kg. 1). However, higher-level
relationships were l ft poorly resolved in both the
plant and moth phylogenies (Fig. 1). Particularly,
statistical support for the majority of higher nodes in
the Iipicqphala phylogeny was very low, which was
also the case in separate analyses of individual loci.
Because none f the loci analyzed in this study were
significan ly affected by multiple substitutions (A.
Kawakita, unpublis d data), the observed poor
phylogenetic resolution may indicate that the genetic
Ioci used in this study are of limited use fOr higher-
level phylogenetics in Glochidion and EPicephala,
which is possibly due to rapid initial diversification
of these lineages.
   Despite uncertainty in phylogenetic estimation,
the results of TreeFitter and ParaFit demonstrated that
there is  greater Ievel of correlation between
Glochidion and EPicephala trees than exPected in a
random association. These results were generally
unaffected by selection of different optimal trees or
cost structures (rfables 3, 4), indicating that the
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 association between Glochidion and Iipicephala
 phylogenies is significantly structured. 'Howeveg the
 TreeMap results were sensitive to selection of
 different optimal trees. Using TreeMap, 22, 53, and
 4% of the topologies derived from COI, ArgK, and
 EF-1ct,respectivelM were inferred to have greater
 number of nodes shared with Glochidion phylogeny
 than expected by chance, but the remaining trees
 were not significantly different from random trees
 ('fable 3). Likewise, the llPicephala ML tree inferred
 from the simultaneous analysis showed significant
 evidence for cospeciation, but this did not hgld for
 the MP tree. These results indicate that while our
 cospeciation analysis generally suggested a
 significant correlation between Glochidion and
 lipicephala phylogenies, the results were influenced
 by uncertainty in phylogenetic estimation, at least
 under the criterion used in the TreeMap analysis.
    In addition to uncertainty in phylogenetic
 estimation, the method of evaluating cospeciation
 also affected the results. The two topology-based
tests perfOrmed in this study, TreeMap and TreeFitter,
produced more or less conflicting results, although
the topologies tested were identical in the two tests.
Whereas TreeFitter suggested that nearly all the
Elpicephala trees are consistent with the hypothesis of
cospeciation, only 7% of the topologies tested in
TreeMap had a greater number of nodes shared with
Glochidon phylogeny than expected by chance (Table
3). One possible explanation fOr this apparently
different outcomes is that the TreeMap program used
in this study is not guaranteed to find optimal
reconstructions, particularly in situations where host
shifts are likely to be common, as in our data sets
(Ronquist 1995; Charleston 1998; Page and
Charleston 1998; Percy et al. 2004). On the other
hand, TreeFitter uses a different algorithm that deals
with host shifts more appropriately, thus optimal
reconstructions involving any number of host shifts
can be recovered. Therefore, it is possible that
TreeMap underestimated the degree of cospeciation
in this association, leading to the observed conflict in
the TreeMap and TreeFitter results. In any case, the
evidence fbr cospeciation between Glochidion and
Elpicephala found in this study should be interpreted
with caution, because of uncertainty in phylogenetic
estimation and sensitivity of the results to different
analytical methods.
    Given that the Glochidion and Lipicephala
phylogenies did not show prefect congruence, I
further explored potential sources of incongruence
between Glochidion and EPicephala phylogenies.
Phylogenetic conflict could be due to host shifts, but
this can also arise from systematic error or stochastic
processes such as genetic introgression andlor
incomplete lineage sorting of ancestral
polymorphisms. The results of SH-test showed that
 Glochidion and EPicephala data sets do not share the
ame und rlying olu ionary history, indicating that
 syst maUc error can not explain the conflict between
 plant and moth phyloge ies. In fact, there are several
 apparent cases of incongruence between Glochidion
 and lipicephalti phyiogenies (Fig. 2). For example,
 the EPicephala moth pollinating G. pungens is nested
 wi hin a clade including pollinators of G.
 lanceolatum, G. caledonicum, G. zaylanicum, and G.
fantinandii with very strong support, while its host is
 grouped with species distantly related to these four
 Glochi io  specjes (Kgs. 1, 2). Similariy, the
EPicephala spec es pollinating G. benthamianum
 groups with moths associated with G. seemanii, G.
concolor, and G. sp., but its host, G. benthamianum,
does not occupy the corresponding position on the
host phyloge y (Hgs. 1, 2). These associations that
deviate from the global cospeciation pattem were
also identified in the tests of individual links in the
P raFi  analysis (fable 5).
   The possibility that stochastic processes
produced incongruent planFmoth phylogenies was
indirectly tested n the basis of congruence among
multiple, unlinked loci within the Elpicephala moth
line ge. The resul s of SH-test among COI, ArgK,
and EF-lcx sh wed that the three loci are generally
consistent wi h a shared evolutionary history (Table
6). Although trees derived from EF-la were not
supported by the COI data set (Table 6), general
congruence between wo recombining nuclear loci as
well as between nuclear and cytoplasmically
inherited loci indicates that genetic introgression or
lineage sorting am ng EPicephala species do not
explain most, if not all, of the phylogenetic
incongruence b tween plants and pollinators.
Therefore, I consider that the observed incongruence
be ween Glochidion nd Iipicuphala phylogenies is
most likely attribu ed to host shifts by the moths. It is
possi le that introgres ion andlor lineage sorting are
occurr ng within the Glbchidion lineage, resulting in
an underestimation of the degree of cospeciation in
this as ociation. This possibility could not be tested
in his stud , because ITS and ETS are closely linked
and are assumed to share the same evolutionary
history (Baldwin and Markos 1998; Bena et al. 1998).
Phylogenetic analysis using independent loci in
Glochidion is di ficult due to a lack of genetic
variation within many of the common}y analyzed loci,
such as intergenic regions of the chloroplast genome
thAt are often co sidered fast-evolving (A. Takimura
andA. Kawak ta, unpublished data).
   COSPECIte(I"ION BETWEEN GLOCHll)l( ijVAND
             ,Ei ?I( IIPHALA
  Previous studies addressing parallel
diversification in pl nFherbivore interactions often
did no  find cospeciation of the interacting Iineages
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 (Futuyma and McCafferty 1990; Farrell et al. 1992;
 Funk et al. 1995; Becerra 1997; Mardulyn et al. 1997;
Smith and Bush 1997; Nyman et al. 2000; Scheffer
and Wiegmann 2000; Ronquist and Liljeblad 2001;
Bucheli et al. 2002; Cook et al. 2002; Lopez-
Vaamonde et al. 2003; but see Farrell and Mitter 1990,
 1998; Roderick 1997). Ratheg host shifts were
prevalent, and dramatic shifts among.distantly related
plant taxa were commonly observed. Therefbre, the
overall cospeciation pattern fOund in this study,
together with that in the fig-fig wasp system (Herre
et al. 1996; Weiblen 2000, 2001; Machadao et al.
2001; Wk)iblen and Bush 2002), represents a special
case in which plants and associated insects
diversified in parallel. UnfOrtunately, analysis of
phylogenetic congruence does not identify processes
that underlie the pattem of cospeciation. For example,
cospeciation may arise thtough a number of
processes including shared allopatric speciation,
coevolution, and adaptation by only one group in
response to the other (Roderick 1997; Clayton et al.
2003a,b). Thus, it is possible that plants and
pollinators cospeciate as the result of shared
vicariance events and that adaptive evolution may not
be important in driving the overall cospeciation
pattem.
    However, several observations suggest that
reciprocal selection may reinforce cospeciation in
obligate pollination mutualisms. For example,
Weiblen and Bush (2002) demonstrated that the
degree of cospeciation between S)7comonts figs and
Ceratosolen pollinators is greater than that observed
between the same set of host figs and non-pollinating,
gall-inducing fig wasps of the genus
Apocmptqphagus. They attributed this difference to
the extent of re,productive requirements by which
pollinating fig wasps are constrained, such as pollen
compatibility andlor reciprocal adaptation between
fig wasp morphology and narrow ostiolar entrance of
the host fig (Ramirez 1974; Herre 1989; van Noort
and Compton 1996). Similar constra'ints may also
have been important in preventing host shifts by
EPicqphala moths. In Glochidion, the structure of the
style exhibits great interspecific variation and is the
principal species-diagnostic characteristic within the
genus, which is in marked contrast with
morphological uniformity of the male flowers (Airy
Shaw 1978; Chakrabarty and Gangopadhyay 1995;
Kato et al. 2003). Because EPicephala moths
pollinate Glochidion flowers and oviposit in the
styles using diverse and specific methods (Kato et al.
2003), this structural diffbrence may reinforce host
plant specialization and have played an important
role in shaping the overall cospeciation pattem
between Glochidion and Iipicephala.
   The relative importance of reciprocal adaptation
in driving parallel diversification can potentially be
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assessed by the amount of pollinator and non-
pollinator cospecl'ation with thelr host plants. For
xamp e, Glochidion plants are associated with leaf-
mining Diphthemptila moths that belong to the
subf mily Gracillariinae together with Elpicqphala
(Meyrick 1916; M. Kato  personal observations), and
thus these mo hs a  good candidates for such
analysis. Howeve , this may in turn reveal similar
le ls of congruence with host phylogeny in
pollinators and herbivores, either because
cospeciation does not involve an adaptive component
or the･ two groups show similar degrees of adaptation
in sponse o their hosts. In fact in the fig-fig wasp
sy tem, the phylogeny of non-pollinating fig wasps is
of e  concordant to that of the pollinators, which is
attributed to possible shared use of specific olfactory
signals in host recognition (Machado et al. 1996;
Lopez-Vaamonde 2001). Thus, a complete
unders anding of the historical role of coevolution in
driving cospeciation requires both robust
phylogenetic hamework and identification of
reciprocally selected traits that actually function to
reinfo ce cospeciation.
       HOST SHIFTS BY EPICEIPEIALA MOTHS
    The intimate association between Glochidion and
Elpicqphala is perhaps one of the most extreme cases
o  sp cie -specific, planFinsect interaction known
(Kato et al. 2003). However, if this one-to-one rule
had been main ained throughout the history of their
diversification, how could the pollinators have shifted
to novel hosts? If a host shift occurs successfully
without violating this rule, the pollinator colonizing a
new host must driv  the original pollinator extinct, or
the pollinator must be primarily absent on the new
host. The former scenario assumes that host shift
does not result in stable coexistence of two pollinator
species on a singl  host. Although some theories
suggest that the presence of multiple symbionts
produces an unstable situation fOr a mutualism (Bull
and Rice 1991; Maynard Smith and Szathmary 1995;
Herre 1999; Herre et al. 1999), recent documented
cases of species-sp cificity breakdown in figs
indicate th t two fig wasp species commonly
reprOduce and pollin a e in a single host fig (Molbo et
al. 2003). This situation is assumed to have lasted for
at le st a fe  million ears, indicating that long-term
coexistence on a shared host can occur (Molbo et al.
2003). Furthermore, common observation of multiple
pollinator yucca moth species on a single yucca host
indicates that coexistence of multiple pollinator
species on a shared host do not necessarily lead to
exclusion of others by a single species (Addicott
1996; Pellmyr et l. 1996b; Addicott and Bao 1999;
Pel myr 1999). Thus, we consider that the observed
apparent host shift by EPicephala moths did not
result solely from the colonizationlexclusion process.
      The second scenario assuming the primary
 . absence of pollinator does not appe'a'r to be a
  plausible condition in obligate pollination mutualisms,
  as neither the plant nor pollinator can successfu11y
  reproduce without the other. However, this process
  may exert where the plant colonizes a region without
  its original pollinatog fOllowed by colonization of the
  isolated piant population by an unassociated
  pollinator species. For example, independent
  colonization of oceanic islands .(e.g., French
  Polynesia) by unrelated plant and pollinator could
  lead to formation of novel associations involving host
  shift. Also, some Glochidion species have very wide
  distribution ranges (e.g., G. acuminatum occurs from
  Japan tD India and G. phillipicum from rlbiwan to
  Australia), providing a pQssibility that multiple,
  distantly related Elpicephala species pollinate a single
  Glochidion species allopatrically across its
  geographic range. In planFherbivore interactions,
  there are well-documented examples in which local
  herbivores colonize and specialize to recently
  introduced host plants (Feder et al. 1988, 1994, 1997;
  McPheron et al. 1988; Carroll and Boyd 1992;
  Carroll et al. 1997, 1998; Filchak et al. 1999; Groman
"  and Pellmyr 2000), supporting the plausibility of this
  process in organization of novel associations.
     Alternative to the above two scenarios, the
  assumed one-to-one specificity between plants and
  pollinators may be routinely violated in the
  Glochidion-Iipicephala association. Recently, Molbo
  et al. (2003) showed that in the fig-fig wasp system,
  a single host species often harbor two or more
  pollinator species and suggested a widespread cryptic
  diversity of pollinator fig wasps in this association.
  Importantly, the wasp species co-occurrlng on a
  single host are not necessarily sister species, and thus
  repeated host shifts were needed to explain the
  observed pattern of association (Molbo et al. 2003;
  also see' Wiebes 1979; Compton 1990; Michaloud et
 'al. 1996; Rasplus 1996; Kerdelhue et al. 1999;
  Lopez-Vaamonde et al. 2002). This situation is
  analogous to that in the yucca--yucca moth
  association in which multiple distantly-related
  pollinator species are commonly observed on a single
  yucca host (Addicott 1996; Pellmyr et al. 1996b;
 Addicott and Bao 1999; Pellmyr 1999). Furthermore,
di the breakdown of one-to-one specificity is paralleled
 in several other obligately mutualistic interactions in
 which reassessment of speeies diversity has lead to
 the discovery of unexpected complexity of
 associations between the participants, including those
 between reef-building corals and dinoflagellates
 (Rowan and Knowlton 1995; Rowan et al. 1997;
 Rowan 1998), fungus-growing ants and their fungi
 (Chapela et al. 1994; Mueller et al. 1998), and
 myrmecophytic plants and their mutualistic ants
 (Fiala et al. i999; Ward 1999; Feldhaar et al. 2003;
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Quek et al. 2004). Importantly, in many of these
 interactions, the lack of one-to-one specificity has
 been frequently invoked as explanations for the
 previously do umented poor concordance between
 phylogenies of the two groups (Rowan and Knowlton
 1995; Pellmyr et al 1996b; Feldhaar et al. 2003;
 Molbo et al. 2003; Pellmyr 2003). Although
 breakdown of species-specificity has not been
reported in th  Glochidion-Iipicephala system, the
 existence of multiple pollinator jElpicephala species
 on  single Glochidion species can not be ruled out. If
.this is in fac  the case with the
 Gloch dion-Iipicqphala association, analysis using a
 single individual to represent each species would
kely results in an oversimplification of the actual
macroevolutionary pattem. In turn, such an
underestimat d d versity of EPicephala moths
rov des a comprehen ive explanation .fOr the
observ d incongruence between Glochidion and
1Iipic phala p ylogenies.
    At present, plant-pollinator specificity' in the
Glochidion-lipicephala association has been tested
mo pho ogically and genetically fOr six species pairs,
based on EPicephala oth specimens collected from
six G och d on species at 2-6 locations of southern
Japan and Taiwan (Kato et al. 2003). Specificity is
also c nfirmed for six species pairs in an analogous
pollination mutualism recently fOund between
EPicephala moths and New Caledonian Phyllanthus
(Kawakita and Kato, 2004). Future analysis･should
incorporate  greater number of individuals per
popul tion of each species, preferably collected from
a wide range of its dis ribution for a rigorous testing
of the plausibility of one-to-one specificity in the
Glochidion-Elpicephala association.
   In addition to the need for a critical examination
of species diversity in ]Eipicephala, a more thorough
sampling f axa would also add confidence to the
estimates of macroevolutionary pattem in this
association. Because my analyses included 18 of the
>300 Glochid on species that are variously related to
each other, the historical pattem of plant-moth
div rs figation d tected in this study may not be
representative of the overall pattern. For example, a
subset of the pollinators (or parasites) may be more
likely to cospeciate with their hosts than others
(Machado et al. 2001; Weiblen 2001, 2002; rlhylor
and Purvis 2003; Clayton et al. 2004), or cospeciation
is more likely to be detected at higher taxonomic
levels than at finer scales (Farrell and Mitter 1998;
Demastes et al. 2003). Nevertheless, my results
strongly suggest that both cospeciation and host shift
have played n important role in organizing the
current pattern of plant}-pollinator association in this
r markable system which is certainly true fOr the
fig-fig wasp and yucca-yucca moth systems.
                                    Chapter 3
Assessment of the diversity and species specificity of the mutualistic
     association between Epicepha/a moths and Glochilaijon trees
              INTRODUCTION
   Mutualisms are fbund at all leyels of biological
organization and are widely appreciated for their
fundamental importance in the evolution and
maintenance of biodiversity (Boucher 1985;
Thompson 1994, 2005; Maynard Smith & Szathmary
1994; Herre et al. 1999). Although mutualisms can
simply be viewed as reciprocally beneficial
associations, the obvious fact of long-term
persistence, and intriguing coadaptations found
among these interactions have offered topics of
considerable ecological and evolutionary interest
(Herre et al. 1999; Mueller 2002; Cook & Rasplus
2003; Heil & McKey 2003; Pellmyr 2003; Sachs et al.
2004). The obligate mutualisms between flowering
plants and their seed-parasitic pollinators represent
pe'thaps some of the most tightly integrated cases of
interspecific mutualisms. The fig-fig wasp and
yucca-yucca moth mutualisms are two classically
known examples, which have been extensively
studied as important model systems fer the
development and testing of theories of coevolution
and mutualism stability (Weiblen 2002; Cook &
Rasplus 2003; Pellmyr 2003). The high species
diversity and reciprocal specificity found in the
fig-fig wasp system have further lead to a proposition
of strict coadaptation and parallel diversification
between the partners (Herre et al. 1996; Machado et
al. 2001; Weiblen & Bush 2002; Weiblen 2004),
raising an interesting question of how host specificity
in the pollinators atfects patterns of speciation and
reciprocal diversification in this association.
Although the idea of cospeciation has been supported
to some extent (Herre et al. 1996; Weiblen & Bush
2002; Weiblen 2004; R¢nsted et al. 2005), cases of
species-specificity breakdown are known (e.g.,
Wiebes 1979; Lopez-Vaamonde et al. 2002; Molbo et
al. 2oo3) and suggested to have important
consequences for the patterns of gene flow within a
fig community (Machado et al. 2005)
   The recently discovered obligate pollination
mutualisms between seed-parasitic moths of the
genus Iipicephala (Gracillariidae) and their
Phyllantha6eae hosts (Glochidion, Phyllanthus, and
Breynia; Kato et al. 2oo3; Kawakita & Kato 2004a,b)
provide novel opportunities to corroborate earlier
findings in the fig and yucca systems. These systems
are particularly suited for studying the pattern of
speciation and diversification in obligate interactions,
as the Phyllanthaceae-EPicephala associations are
sufficiently diverse (>300 species in Glochidion
alone; Govaerts et al. 2000), and pre,liminary tests
have shown high planGpollinator specificity in at
least s x East Asian Glochidion (Kato et al. 2003) and
six New Ca edonian Phyllanthus species (Kawakita
& Kato 2004a). In these mutualisms, the female moth .
uses her specialized p oboscis to actively collect and
transport pol en between host flowers. She deposits
the po len in the stigmatic cavity of the female flower
and subsequently ins ts her long ovipositor to lay an
egg in the fiower she pollinates. The resultant seeds
re the xclusive fOod for the EZ)icephala larva, but a
fraction of the seeds is still viable for plant
reproduction. eciprocal plant specialization to
Elpicqphala mo h has led to obligate mutual
dependence, such that neither of the partners can
successfully oduce in the absence of the other
(Kato t l. 2003; Kawakita & Kato 2004a,b).
  In ecological  evolutionary studies of
mutualisms, it is of critical importance that the
number of part er species and their associations are
correctly known (Herre et al. 1999; Molbo et al.
2003), but in many cases determining the actual
diversity in mutualisms has been problematic.
Critical examination of morphology and recent
applica ion of molecular analyses have drastically
changed our understanding of many mutualistic
systems, including coral-zooxanthella symbiosis
(Rowan & Knowlton 1995; Baker 2003),'
legume-rhizobium symbiosis (Moulin et al. 2001;
Chen et al. 2003; Rasolomampianina et al. 2005),
ant-myrmecophyte mutualism (Fiala et al. 1999;
Ward 1999; Feldhaar et al. 2003), and obligate
pla t-pollinator mu ualism (Pellmyr 1999; Pellmyr &
BalcazarLara 2000; Molbo et al. 2003). In the
fig-llg wasp sociation, Molbo et aL (2003)
analyz d microsatellite markers and found that at
least fOur species of neotropical figs are each
associ ted with a pair of cryptic wasp pollinators.
Likewise in the yucca moths, analysis of
morphological, molecular, and biological data
revealed considerable diversity of pollinator species,
the majority of which had been previously regarded
as one polyphagous species (Pellmyr 1999; Pellmyr
& Balcazar-Lara 2000; Pellmyr & Segraves 2003). In
ddition, tw derived species were found to have
independently lost th  pollinator habit and shifted to
exploit fruits resulting from pollination by other
pecies (Addico  1996; Pellmyr et al. 1996; Pellmyr
1999). The r fined species status in these model
systems has grehtly increased our understanding of -
the b ological diversity and the consequences on
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  Fig. 1 Sampling localities of lipicephala moths collected from
  five Gtoc:hidion hosts in Japan and Taiwan. Numerals correspond
  to locality numbers in Table 1. The northern distribution limits of
  the five host Glochidion species are given by solid lines. All the
.. studied Glochidion species are distributed as far south as tropical
  southeast Asia except G. obovatum, which is endemic to Japan
  (the southern limit shown by the hatched line).
  ecological and evolutionary outcomes of the
  mutualism (Addicott & Bao 1999; Csotonyi &
  Addicott 2001; Marr et al. 2001; Shapiro & Addicott
  2004; Segraves & Pellmyr 2004; Molbo et al. 2004;
  Segraves et al. 2005).
     Previous 'studies in the mutualism between
  Phyllanthaceae and EPicephala have found that each
  plant species is pollinated by a morphologically
  distinct, undescribed moth species, thus assuming a
  strict one-to-one relationship between the plants and
  pollinators (Kato et al. 2003; Kawakita & Kato
  2004a; Kawakita et al. 2004). Also, analyses of the
  mitochondrial cytochrome oxidase subunit 1 (COI)
  gene sequences in limited samples of Elpicephala
  moths provided tentative support for the specific
  association between the two partners (Kato et al.
  2003; Kawakita & Kato 2004a). However, the
  comparison of plant-pollinator phylogenies in 18
. pairs of associated Glochidion and Iipiccphala
  species indicated several potential cases of pollinator
 host switch (Kawakita et al. 2004), suggesting
 possible coexistence of multiple lipicephala species
 on the same host resultipg from colonization of novel
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 Glochidion species. In this study, I test the previous
 assumption of the one-to-one relationship in the
 Glochidion-EPicephala mutualism using moth
 samples collected from five Glochidion hosts in
Japan and rlaiwan. rlb determine the number of
 pollinator species and the degree of genetic isolation
 among species, I analyze nucleotide sequences of
three independent genetic loci, the mitochondrial COI
and nuclear arginine kinase (ArgK) and elongation
factor-1 alpha (EF-1or) genes, and link these results to
morphological analysis of the genitalia. Using field
observations and genetic data, I also evaluate whether
or not any of the moth species sharing the same host
has lost the pollinator habit, since some theories
uggest that symbiont coexistence foIIowing
colonization event can give rise to a transition from
mutualism to parasitism (Maynard Smith &
Szathmary 1995; Herre 1999; Herre et al. 1999; YU
2001). Finally, I compare our results with situations
in the fig-fig wasp and yucca-yucca moth systems
and discuss their implications for the studies of the
Phyllanthaceae-E2]icephala mutualism.
        MATERIALS AND METHODS
               MOTH SAMPLING
    I collected Iipicephala moths from fruits of the
five Globhidion species that occur in Japan, G.
acuminatum, G. lanceolatum, G. obovatum, G.
rubrum, and G. zeylanicum. Although intrageneric
classification of Glochidion has not been well studied,
a re ent phylogenetic study indicates that the five
Glochidion species can be grouped into three major
intrageneric groups; G. Ianceolatum and G.
zeylanicum, and G. obovatum and G. rubrum fbrm
pairs of close relatives, while G. acuminatum
occupies a distinct phylogenetic position and'is
equally related to the other four species (Kawakita et
al. 2004). Glochidion obovatum is endemic to Japan,
whereas the remaining four species are widely
distributed throughout tropical Asia (Govaerts et aL
2000). Samples were collected from 2-8 populations
covering a wide distribution range of each host
species within Japan (Hg. 1). I also collected moths
associated with G. rubrum at two additional'
populations in Taiwan. Glochidion acuminatum, G.
Ianceolatum, and G. zeylanicum are also known from
rlbiwan, but moth samples were not available for the
study. Moths were either extracted from ftuits as
larvae or reared to adults, and stored in 99% alcohol
for DNA sequencing. A total of 70 moths (larvae,
males, or females) were sampled fbllowing this
method. The adult males and females sampled for the
molecular analysis were'further used fbr
morphological analysis of the genitalia and proboscis
(see below). I sampled only one moth from a single
Glochidion tree to minimize the possibility of





mother. Hosvever in G. Ianceotatum, I found two
moth lineages occurring 'in the same host population
(see Results), so sve additionally sampled multiple
individuals collected on each of the three trees (two
on Ybnaguni Is. and onc on Ishigaki Is.) to determine
whether or not the tsvo moths are associated wlth the
same plants,
   Tb determinc svhether or not cach of thc moth
lineages serves as pollintors, I studicd the behavior of
26 adult female moths on female flosvers of the five
Glochidion species (2-17 moths per Gtochidion
species). An actively pollinating female repeatedly
extends and retracts its proboscis and probes the
stigmatic cavity (Hg. 2a), thus the pollination
behavior can unambiguously be distinguished from
othcr activities. I recorded the prescnce/absence of
active pollination behavior prior to oviposition at
night using flashlights. The moths studied in the field
were collected, stored in silica gel, and subscquently
used for DNA sequencing to deterrnine to svhich
lineage they belong. The number of pollen grains on
moth proboscis svas counted under a light microscope
before DNA extraction to confirm that pollination
behavior actually resulted in deposition of pollen (Eg.
2b).
   In tota1, 96 moths were nesvly sampled for thc
present study, either directly from Gtochidion fruits
???
Fig. 2 (a) A female E))icephata moth
activcly potlinating Gtochidion
obova:um by probing thc fiosvcr with
her proboscis. (b) Pollen coat on the
proboscis of a pollinating female. (c, d)
The left galea, which pnirs with the
right galca to form the proboscis, of a
fernale and malc Epiccpha!a rnoth,
rcspective:y. Thc scnsilla in thc femalcs
of pollinnting lipicepitata arc a novcl
trait likely spccializcd for active
cotlection and transportation of pollcn.
Bars = O.1 mm. (c, O Two E)7icephala
spccics ovipositing in G. lanceolarum
flowers. Thc two species are specific to
G. Ianceolatum and cocxist en the same
hosL Thc femalcs of onc spccies (C5 in
Eg. 4) oviposit from thc apical pit of
fcmale flowcr and lay the cggs in the
sty1ar tissuc, whereas thosc of the other
spccies (C3) inscrt their ovipositor from
the lateral ovary wal1 and p!ace their
cggs next to thc ovules.
'
,
or on the flosvers after observation of pollination
beh vion In addition, I used 15 genomic DNA
samples from our previous analysis of the COI gene
(Kato t al. 2oo3) to further sequence the nuclear loci.
Thc number of larvae, males, and females sampled
fo  e ch Glochidion species is given in Table 1.
         MOLECULAR MEI'HODS
   I extracted moth genomic DNA using
Nuc eoSpin Tissuc (Macher,ey-Nagel, Difren,
Germany). The head capsule of thc larva or the head,
svings, nd abdom n of the adult were stored as
v u hers and/or for subsequent morphological
analyses. Using polymcrase chain reactions (ncRs), I
ampl fied fragments of the mitochondrial COI and
nuclear ArgK and EF-la genes. The primers used for
amplifying and sequencing the COI region were 5'-
ArlrAAmmArlTAG'ITA:ITAC-3' (Kato et aL
2003) d 5i-GA:rGGGerCArl:ACAAI:AAATCcrA-
3'. PCR a d sequenc ng primers for ArgK and EF-la .
as well as PCR co ditions for amplifying the three
gene regions are pr vided in Kawakita et aL (2004).
All PCR am lifications wcre aided by Ex Taq DNA
polymerase CfttKaRa, Otsu, Japan) and carried out on
GeneAmp PCR System 9700 (Perkin-Elmer, Foster
City, CA). PCR products svere purified using
NucleoSpin Extract II (Macherey-Nagel, Difren,
23
:
[fabXe 1. Locality infOrmation and sample sizes of male, female, and larval IIPicephala moths sequenced in this
study. Locality numbers correspond to those in Fig. 1. Numbers in parenthesis for the female moth indicate
sam le sizes ofmoths whose ollinationlovi osition behavior was studied in the field.
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  Germany). Sequencing reaction was performed using
  the ABI Prism dye terminator cycle sequencing ready
  reaction kit (Perkin-Elmer), and electrophoresis was
  conducted on an ABI 3100 sequencer (Perkin-Elmer).
      Because the electrophoretic pattems were clear
  and simple fbr the COI sequences, I only sequenced
  one strand fOr each of the amplified COI fragments.
  However, ArgK and EF-la frequently contained base
  polymorphisms that needed verification, so I
  sequenced both strands fbr all the ArgK and EF-1or
  fragments.
     Tb determine the distribution of alternate bases
  within alleles of heterozygous ArgK and EF-la
  sequences, I further cloned ArgK and EF-la PCR
  products that were fOund to have more than one
  polymorphic base. Cloning was performed using the
  pGEM-T Easy Vector Systems (Promega, Madison,
  WI) and following the manufacturer's protocol. One
  colony containing the target PCR product (ca. 800
  and 550 bp for ArgK and EF-la, respectively) was
  sampled for each heterozygote, and the fOrward
  strand was sequenced as described above. The
. alternate allele was obtained by subtracting the
  cloned sequence from the corresponding
heterozygous seque ce. Some cloned sequences
contained bases that were not found in the original
heterozygous sequences; such bases were regarded as
Taq er ors and ignored in subsequent analyses.
           PHYLOGENETICANALYSIS
Sequences of COI, ArgK, and EF-ia contained no
introns, and the alignment was straightforward. The
obtained sequences have been deposited in the
GenBank dat base under accession numbers
DQ298833-DQ299150 and DQ452149-DQ452295.
In addition to he sequence data collected in this
study, COI sequences from the previous study (Kato
et al. 2003) were retrieved from GenBank and used
for the analysis (AY221964rAY22i974 and
AY221976-AY221979).
  Phylog netic trees were estimated fbr each of the
three genes using parsimony and Bayesian methods.
Allelic sequences of the ArgK and EF-la genes were
treated eparately for phylogenetic estimation. I used
I]AUP* version 4.0blO (Swofford 2002) to
r construct most parsimonious (MP) trees by
heuristic searches wi  100 random addition analyses
and tree bis cti -reconnection (TBR) branch-
24
















Area of dense sclerotized hairs on ventral margin: absent (O); present (1).
Inner wall: flat (O); projected inwardly with an area of dense sclerotized hairs (l).
Acutely pointed edge with a singie spine on ventral margin: absent (O); present (1).
Sparse spines on ventral half of inner wall: absent (O); present (1).
Distal margin: simple (O); ventrally concave (1).
Dorsal margin of inner wall: simple (O); reflexed (1).
Row of more than 15 sclerotized hairs on distal margin of reflexed lobe: absent (O); present (1).
Triangular scales on distal end of inner wall: absent (O); present (1).
Dista1 margin: round (O); acute (1); concave (2).
Sclerotized hairs lining the ventral half of inner wall: absent (O); present (1).
Row of 3-5 sclerotized hairs on distal margin of reflexed lobe: absent (O); present (1).
Spine on distal end: absent (O); present (1).
Area of dense sclerotized hairs on reflexed lobe: absent (O); present (1).
DistaI margin of reflexed lobe: si･mple (O); dorsally concave (1).
swapping, saving no more than 100 trees per analysis.
The obtained trees were used as starting trees in an
additional round of heuristic search with TBR
branch-swapping, saving 10,OOO MP trees at
maximum. Robustness of the MP trees was validated
with bootstrap analysis with 1,OOO replications of
heuristic searches with 10 random addition analysis
and TBR branch-swapping, saving no more than 100
trees per analysis. Prior to Bayesian phylogenetic
estimation, I used the program MrModelrlbst 2.2
(written by J. A. A. Nylander: http:11www.ebc.uu.sel
systzoolstaliflnylandenhtml) to select appropriate
model of base substitution for each gene partition.
Based on the selected model, I performed the
Bayesian analyses using MrBayes 3.1.2 (Ronquist &
Huelsenbeck 2003). Analyses consisted of running
four simultaneous chains for 2 × 106 generations,
sampling trees every 1,OOO generations for a totaI of
2,OOI trees. I plotted in-likelihood of the sampled
trees against generation time to identify the region of
the analysis in which the parameter estimates were
stable. I discarded the burn-in region (trees and
parameter estimates obtained before equilibrium; the
initial 501 trees), and the remaining 1,500 samples
were used to estimate the tree topology, branch
lengths, and substitution parameters. Tb ensure that
analyses were not trapped on local optima, we carried
out three separate runs and compared tree topologies
and parameter estimates for consistency.
   I assessed conflict of phylogenetic signals among
gene partitions using incongruence length difference
(ILD) test (farris et al. 1994), as implemented in
IIAUP". The test was performed based on 1,OOO
replications following the same heuristic search
strategies as used in the parsimony bootstrap analysis.
Because the ILD test did not indicate significant
conflict among gene panitions (P = O.392), I
performed parsimony and Bayesian phylogenetic
analys s simult neou ly for the COI, ArgK, and EF-
1ct da a se s. In the combined data set, alielic
sequences of the ArgK and EF-la genes were
combined as single heterozygous sequences with
polymorphic sites co ed as missing data, because
murtiple combinations are possible for choosing.
between al er ate alleles ofArgK and EF-la within a
s le moth individual. Parsimony and Bayesian
ph logenetic stimations were performed as
described above for the individual panitions. For the
Bayesian analysis, separate gene partitions were
assigned different substitution models and treated as
unlinked so th t separate parameters estimates were
obtained fo  each par ition.
   Because I found two pairs of Iipicephala Iineages
that are each assoc ated with the same Glochidion
host, I statis cally tested whether each pair of
lineages is monophyletic using parsimony-based,
one-tailed Kishino-Hasegawa tests (Kishino &
Hasegawa 1989; G ldman et al. 2000; Felsenstein
2004). The alternative topologies for the tests were
defined by constraining individuals associated with
the same host as monophyletic and performing
h ur stic searche  as d cribed above.
          MORPHOLOGICALANALYSIS
rlb deter ine whether istinct moth clades identified
n the phylogenet c tree are associated with
morphological difference, I investigated variations in
genita1 morphology among the male moths used in
the molecular analyses (N = 42; 5-11 moths per
clade). There ar  only subtle differences in wing
pattem and female genitaI characters among closely
related species of EPicephala, but the male genitalia
show sufliicient morphological variation that can be
reliably used to discriminate species. For specimen
preparation, I removed the abdomen and boiled it in
1O% potassium hydroxide for 5 min to remove
25
[fabge 3. Ranges (mean in parentheses) of uncorrected pairwise distances within
Data in bold indicate that there are overlaps between intra- and inter-clade
corres ond to those in Fi s. 3 and 4.
and betwe n EP cephala clad .
distanc  ranges. CIade numb s
Locus
   Clade Within clade Between Clades
  COI
      CIade 1
          Subclade 1
          Subclade 2
' Clade2
      Clade 3
      Clade 4
      Clade 5
      Clade 6
  ArgK
      CIade 1
         Subclade 1
         Subclade 2
      Clade 2
      Clade 3
      CIade 4
      Clade 5
      Clade 6
  EF-1or
     Clade 1
         Subclade l
         Subclade 2
     Clade 2
     CIade 3
     Cl ade 4


















































  adipose tissue. I then washed it with distilied water
  and subsequently 100% ethanol to clean out debris.
  After extraction of the genitalia, the specimen was
  mounted in Euparal (Waldeck, MUnster, Gemiany) on
  a glass slide and observed under a microscope with
  transillumination.
      Variations in genital morphology are most
  obvious in the valva (a piece of paired lobes used to
  grasp female abdomen during copulation). In
  lipicephala, each valva consists of two bursifOrm
  lobes (the dorsal cucullus and the ventra] sacculus)
  that are connected to each other and variably
  modified by dense cluster of fine hair (setae) and
  sclerotized hairs andlor spines (Kuznetsov 1980). I
  looked for morphological characters of the valva that
  were variable among individuals and could be coded
  unambiguOusly as discrete states. Based on 14 such
  characters (Table 2), I constructed a character state
  matrix, which I used to test for an association
  between genetic variation and morphological
, difference.
     I also investigated whether the females of each
  species possess morphological structures specialized
for ac ive po lination. The females of actively
pollinati g EPicephala moths possess numerous
sens lia on the ventral surface of the proboscis, which
are not fbund n the males (Hg. 2c, d). These
structures a e also absent in the females of related
moth genera and non-pollinating species of
Elpicephala (A. Kawakita & M. Kato, unpublished
results), indicating that the sensilla are a novel trait in
the females likely specialized fOr active collection
and dep si i n of pollen. I studied the proboscis of
the laboratory-reared, adult females used in the
molecular analyses (N = 15) and recorded the
presencefabsence of proboscidial sensilla. The
proboscis was removed, mounted in Euparal on a
glass slide, and observed under a microscope with
tran illumination.
                 RESUIJTS
          PHYLOGENETICANALYSIS
   The data matr es of COI, ArgK, and EF-1ct
consisted of 111, 196, and 173 non-heterozygous
sequences and 582, 723, and 487 nucleotide sites,
































































































































Fig. 3 Bayesian 50% majority-rule consensus phylograms obtained by individual analyses of COl, ArgK, and EF-la. Terminal codes indicate
specimen numbers which correspond to those in the GenBank accessions. Allelic sequences of single specimens are distinguished by
different alphabets (a and b) following the specimen numbers. Cl-C6 and SI-S2 are clade/subclade names referred to in the text. Posterior
probabilities based on 1,500 post-burn-in trees (mean likelihood scores: COl, -1894.4024; ArgK, -3391.7296; EF-la, -1540.4514) are shown
below branches (left) followed by bootstrap values of the parsimony analyses (right; shown when >50%). The values are given only for the
nodes CI-C6 and SI-S2 or above, because most apical nodes on the phylogeny are not consistent among the three data sets. The trees are
unrooted. Host plant name(s) is given to the right of each clade.
Table 4. Character states for the 14 valval traits examined in the morphological analysis. Because all individuals belonging to
the same clade had identical character states, data are summarized for each clade. Clade numbers correspond to those in Figs.
3 and 4. Dashes indicate that the states could not be inferred due to absence of particular structures.
Moths Character No.
Clade examined 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Subclade 1 8 1 0 0 0 0 I 1 1 1 0 0 0 0 0
Subclade 2 8 I 0 0 0 0 1 1 1 1 0 0 0 0 0
Clade 2 5 0 0 0 0 0 1 0 1 1 0 0 0 0 0
Clade 3 5 0 I 0 0 0 0 0 0 1 0
Clade 4 5 0 0 1 0 0 1 0 0 2 0 1 1 0 0
Clade 5 11 0 0 0 1 0 1 0 0 1 0 0 0 1 1
Clade 6 7 0 0 0 1 1 1 0 0 0 0 0 0 1 0
Table 5. Results of behavioral and morphological analyses of female Epicephala moths. Clade numbers correspond to those
in Figs. 3 and 4.
Active pollination Proboscidial sensilla
Moths Pollination Pollen grains Moths Sensilla
examined behavior 1-100 100-200 >200 Examined present
Subclade 1 2 2 2 3 3
Subclade 2 0 0
Clade 2 3 3 3 2 2
Clade 3 10 10 1 9 4 4
Clade 4 2 2 1 1 2 2
Clade 5 7 7 2 5 2 2
Clade 6 2 2 2 2 2
parsimony-informative. 77 and 56% of the
individuals analyzed were heterozygous at the ArgK
and EF-Ia loci, respectively, and each sequence had
4.07 (range, 0-14) and 1.08 (0-5) average
polymorphic sites for each locus. Parsimony analysis
of the COl and EF-la data sets resulted in one and 96
MP trees, respectively, whereas the ArgK data set
produced the maximum number of 10,000 MP trees
(COl, 151 steps, consistency index [CI] = 0.755,
retention index [RI] = 0.987; ArgK, 315 steps, CI =
0.474, RI =0.957; EF-la, 89 steps, CI =0.679, RI =
0.981). Bayesian analyses of individual data sets
produced trees that are largely similar with the MP
trees, with all topological differences limited to nodes
that are weakly supported «70% parsimony
bootstrap and <90% Bayesian posterior probability
values); thus only the Bayesian trees are presented
with parsimony bootstrap values included for shared
branches (Fig. 3). The combined data set produced
10,000 MP trees (356 steps, CI = 0.745, RI = 0.984)
and Bayesian trees with overall similar topologies
with the individual-partition analyses (Fig. 4). All the
data sets clearly recovered six distinct clades each
consisting of the same set of individuals (clades
28
CI-C6 in Figs. 3, 4). Because moths belonging to
different clades occur in sympatry (Figs. 1, 4), these
results strongly indicate reproductive isolation among
the six clades. The COl and ArgK data sets further
indicated that moths associated with G. rubrum in
one population (Wushe, Taiwan) are genetically
distinct from other individuals of the same clade
(subclades SI and S2 in Figs. 3, 4) with moderate to
strong support (68-100% parsimony bootstrap and
99-100% Bayesian posterior probability values).
However, monophyly of SI and S2 was neither
supported nor falsified in the EF-l a phylogeny (Fig.
3). Intra- and inter-clade comparisons of pairwise
sequence differences are summarized in Table 3.
Although the clades C2~C6 were genetically distinct,
there were little overlaps between intra- and inter-
clade distance ranges in Cl, SI, and S2 for some of
the analyzed loci.
Moths associated with G. acuminatum and G.
zeylanicum each formed a well-defined monophyletic
group, suggesting plant-pollinator specificity in these
two species at least within my sampling range (Figs.
3, 4). On the other hand, moths collected from G.
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Fig. 5 kight valvae of rnale
genitalia of the six E)7icepImla
species idcntified in this study.
<aHO illustrale valvae of
rcprescntativc individuals of
clade Cl-C6, respectivc:y Clade
numbers correspond to those in
Egs, 3 and 4. The valva of
E)7iceplmla is composcd of two
lobcs (upper cucullus and lower
saceulus), svhieh are separately
drawn for each spccimcn. Vkilval
traits used in the morphological
analysis are indicated (the
numbers correspond to thosc in
Tablcs 2 and 4).
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and C5; Egs. 3, 4). Multiple individuals collected on
the same G. tanceolatttm plant (threc plants in two
populations) also grouped separately, indicating
coexistence of the two lincagcs on the same G.
Ianceolatttm plants. Also, moths sampled from two
parapatric hosts, G. obovatttm and G. rubrutn, formed
two distinct, allopatric clades (Cl and C4; Egs. 3, 4)
svhose boundary does not correspond svith that of
their hosts. One of the lineages is confined to the
southern region of the R},ukyu Archipclago in Japan,
svhereas the other was found-in mainland Japan,
Taisvan, and three smal1 islands in southern Japan
(Yaku, Kume, and Yonaguni Is.; figs. 1, 4).
   One-tailed Kishino-Hasegasva test rejected the
hypothesis of monophyly of the tsvo clades associated
with G, lanceolatutn (COI, P = O.Ooo; ArgK, P =
O.085; EF-1ct, P = O.048; Combined, P < O.OOI),
except for the ArgK data set svhich svas marginally
insignificanL The non--monophyly of the tsvo lineages
indicates that at least one of the Eipicephala lineages
had colonized a novel Gtochidion hosL Hosveveg
monophyly was not rejected for the tsvo clades
associated with G. obovatum and G. rttbrum (COI, P
-.-
--







= O.159; ArgK, P = O.342; EF-la, P = O.159;
Combined, P = O.129), thus host shift is not required
for explaining the current pattem of associations in
these lineages.
  MORPHOLOGICALAND BEHAVIORAL ANALY SIS
Results of the male genital morphological analysis
a  summarized in Table 4, and variations in valval
characters are illustrated in Eg. 5, Overal1,
individuals belonging to the same clade had identical
states for the 14 characters examined, whereas those
belonging to diflk rent clades could be distinguished
by 2-r7 characters Cfable 4). Moths that grouped into
t o subclades within clade Cl (Sl and S2; figs. 3, 4)
had identical character states, indicating that the two
lineages can not be discriminated morphologically at
least based on the characters sve used in the analysis.
  All the female moths studied in the field exhibited
the ster o ypic pollinationloviposition behavior on
th host fem le flower  and had more than 1oo pollen
grains on their proboscises, indicating that al1 the
individuals are po linators (fable 5). Each of the six
clades on the phylogeny includes 2-1O of these moths,
30
suggesting that all six lineages possess the pollinating
habit. Morphological examination of the laboratory-
reared females (24 females per clade) suggested that
they all have sensilla on proboscises that are
associated with the active pollination behavior (wable
5).
   Field observations of pollinating females further
indicated that there is a behavioral difference
between the two lineages associated with G.
Ianceolatum. The females of one lineage (C5; N = 7)
inserted their ovipositor from the apical pit of the
female flower and deposited the eggs in the stylar
tissue, whereas the females of the other lineage (C3;
N= 10) oviposited through the calyx Iobe and lateral
ovary wall of the female flower and placed the eggs
within the interspace between the ovary wall and
ovules (Fig. 2e, D. Moths belonging to the two clades
were found pollinating the same tree, further
supporting the co-occurrence of the two lineages on
the same G. Ianceolatum host.
                 DISCUSSION
    The results of my molecular, morphological, and
behavioral anaiyses clearly indicate that there are six
well-defined pollinator Lipicephala lineages that are
associated with the five Glochidion species in Japan
and "Iaiwan. The mitochondrial COI and two
independent nuclear ArgK and EF-1or genes all
grouped the same sets of individuals as distinct
lineages, suggesting that there is no or, if any,
extremely low level of gene flow between these
groups. Although there was a little overlap between
intra- and inter-clade distance ranges in Cl at the
ArgK locus (rllible 3), monophyiy of this clade was
strongly supported in the ArgK phylogeny (92%
parsimony bootstrap and leO% Bayesian posterior
probability values; Fig. 3). At the ArgK and EF-1or
loci, 77 and 56% of the individuals were found to be
heterozygous, respectively, but the two al}elic
sequences of each individual fell into the same c}ade,
indicating that allelic differences are intraspecific
genetic variations and not the result of interspecific
hybridizations. Analysis of the male genitalia further
revealed that the six Iineages are morphologically
distinct; moths belonging to the same lineage had
identical states for the 14 valval characters that I
studied, whereas those belonging to different lineages
can be distinguished by 2=7 characters (Table 4; Fig.
5). rfaken together, these results indicate that each of
the six llpiccphala lineages identified in this study
represents a biological species. Sequence variation
within some of the species was markedly lower in
COI than ArgK and EF-1or (Table 3; Fig. 3), which
contrasts with the generally higher rate of sequence
evolution in mitochondrial than nuclear genes in
insects (Lin & Danforth 2004). For example, mean
intraspecific sequence difference in C5 was 24.0 and
7.7 times higher in ArgK and EF-la than COI,
respectively. One p ssible explanation is that such
species have expanded their distribution relatively
recently and rapidly, because the biparentally
inher ted nuclear alieles have fOur times the effective
population size as the maternally inherited
mitochondrial alleles (Birky et al. 1983, 1989;
McC uley 1994; Levy & Neal 1999), and thus are
expected to possess greater amount of ancestral
polymorphisms.
   An lyses of COI and ArgK further recovered two
subclades wi in clade Cl (subclades Sl and S2).
This pattern was not evident in the EF-loc phylogeny,
which is likely du  to limited sequence variation
ithi  the EF-lct loci. In contrast, the analysis of
male g nhalia indicated that individuals from the two
subclades were in istinguishable based on the
characte s we studied. Given the allopatric
distribution of Sl a d S2 and tentative lack of
morphological ditference, available data are
insufficient ,to evaluate specific status of the two
subclades. S2 is restricted to a single isolated
population in Wushe, Tbiwan, which is Iocated at
1,400 m a.s.1. Although the level of genetic
divergence among G. rubrum populations still
require  investigatio , preliminary observation of
morpho ogy indicate that the plants of the Wushe
population hav  distinctly shorter pedicels and larger
fruits compared to the Iowland populations in rfaiwan
and southern Jap  (A. Kawakita, unpublished
r sults). A further detailed genetic study is needed to
determine whether or not this represents an incipient
stage of simultaneous speciation in the plant and
ollinator. Possible examples of ongoing parallel
planFpol inator speciation are known in the
yucc -yucca m th (Pellmyr & Segraves 2004) and
figifig wasp (Ybkoyama 2003) mutualisms.
    My results indicated that the southernmost
pop la ions f G. anceolatum in Japan have two
spec es of ]Elpic phala pollinator that are genetically,
morphologically, and behaviorally distinct (Figs. 2-5).
Th  occurre ce of the two species on the same G.
Ianceolatum pl nts further indicated the absence of
cryptic plant d vergence associated with the two
pollinator species. Statistical analysis showed that
these two specie are not sister taxa, suggesting that a
host shift has occurred at least once in the
Glo hidion-EPicephala association. These results
provi e a comprehensive explanation for the
previously reporte  mismatch between Glochidion
and E?]ic phala phylogenies (Kawakita et al. 2004),
hich parallels ea l er cases in the fig-fig wasp
(Molbo et al. 2003), ant}-myrmecophyte (Fiala et al.
1999; Feldhaar et al. 2003), and coral-zooxanthella
mutualisms (Rowan & Knowlton 1995; Baker 2003).
Pollinator host shifts are difficult to interpret under
the assumption of o e pollinator per one host,
31
 because host colonization inevitably leads to co-
 occurrence of two species on the new host (Kawakita
 et al. 2004). Theories suggest that mutuaiist
 coexistence fo11owing colonization event can give
 rise to transition from mutualism to parasitism
 (Maynard Smith & Szathmary 1995; Pellmyr et al.
 1996; Herre 1999; Herre et al. 1999; YU 2001).
 However, females of both species pollinated G.
 Iaceolatum in the field and had'proboscidial sensilla
 that are associated with active pollination ([E]able 5),
 indicating that neither of the species has become a
 non-mutualistic cheater that exploits the pollination
 benefit by the other species. It should be noted that
 my results do not necessarily provide evidence
against occurrence of cheaters among other
EZpicephala species that are associated with the >300
species of Glochidion. Whether the coexistence of
two pollinators on a shared host is evolutionary stable
is unknown, because the age at which the two species
started to coexist can not be inferred from available
data. Nevertheless, the prevalence of similar
situations in many mutualisms (Fiala et al. 1999;
Pellmyr 1989, 1999; Baker 2003; Molbo et aL 2003)
may suggest that long-term coexistence on a shared
host can occur.
    In contrast, the two species associated with G.
obovatum and G. ruhr"m (Cl and C4) were not found
within the same population (Fig. 4). Although
samples are limited for some populations, available
data indicate allopatric distribution for these two
species. The diajunct distribution of Cl in mainland
Japan, rlaiwan, and a few small islands (Fig. 4),
coupled with relatively high level of intraspecific
sequence variation ("fable 3), may indicate ancient
widespread distribution of Cl and subsequent
extinction through competitive exclusion in most of
the Ryukyu Archipelago. An alternative, but less
Iikely explanation, is that Cl has expanded its range
more recently by long-distance dispersal. In either
case, these two species provide an additional
opportunity to study the factors that may or may not
lead to stable coexistence of two pollinators on a
    Overall, the complex plant-pollinator association
found in this study is s'imilar to the situations found
m other obligate pollination mutualisms. YUccas are
commonly pollinated by multiple, phylogenetically
distant yucca moth species, either in sympatry or
allopatry, and many pollinator moth species interact
with two or more yuccas throughout their range
(Pellmyr 1999; Pellmyr & BalcazaFLara 2000;
Pellmyr & Segraves 2003). Although more detailed
studies are ngeded in the fig-fig wasp mutualism, the
recent discoveries of cryptic wasp species in
neotropical figs (Molbo et al. 2003; Machado et al.
2005), coupled with numerous similar observations in
different biogeographic regions (Wiebes 1979;
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 Compton 1990; Michaloud et al. 1996; Rasplus 1996;
 Kerdelhue et al. 1999; Lopez-Vaamonde et al. 2002;
 Cook & R splus 2003), likely indicate the general
 lack f th  previously assumed one-to-one specificity
 between he figs and wasps. Furthermore, these
 complex associations parallel several recent findings
 in other mutualistic systems in which molecular
 t hniques have revealed unsuspected diversity of
 associat ons between the partners (Sanders et al.
 1996; Baker 2003; Feldhaar et al. 2003;
 Rasolomampianina et al. 2005). Thus, the pattern of
 planFpollinator ssociation fbund in the present
s udy is characteristic of many mutualisms and
contributes to a more refined understanding of how
the partners are assembled and structured in
mutualistic associations.
   Appreciatio  of the complex plant-pollinator
association has important consequences fbr the
stud es of coevolution and codiversification in these
mutualisms. Because some Iipicephala species are
associated with more than one host (Cl and C4,
although th ir hosts do not occur together; Fig. 4), it
is possi le that pollinator sharing between Glochidion
spec es leads to hybridization or genetic introgression
between the two p}ants. Also, occasional host shifts
by the pollinator, as suggested in the present study,
can also result in genetic mixing between the
previous and novel hosts. Machado et aL (2005)
studied the genetic structure of 17 species of closely
related figs and their associated pollinators and fbund
that shared use of host figs and colonization of novel
hosts by the wasps may result in hybridization and
genetic introgression across different fig species.
AIthough the extent to which Glochidion trees
hybridize is unknown, adult trees with hybrid
characteristics have been observed in several
populations (A. Kawakita, unpublished results),
suggesti g the need for further investigation of
population genetic structure in Glochidbn. Improved
knowl dge of plant-pollinator association pattems
and their consequences on the genetic structure of
hos  plant populations is critical for understanding the
processes by which the two groups coevolve and
codiversify (Herre et al. 1999; Thompson 2005).
Future studies should ideally focus on larger sets of
associated Glo hidion and iEPicephala species that
ar  reas nably c osely related, because the
probabil ty of poliinator sharing and genetic mixing
in the hosts is expe ed to be higher among species
that ave diverged more recently (Machado et al.
2005).
    Although the pr sent study provided evidence
or the complex association in the
Glochidion-Ilpice:phala mutualism, my sampling
range was restricted to the northernmost edge of the
d stribution of the genus Glochidion, which
comprises >300 species centered in the Indo-
Australian tropics (Govaerts et al. 2000). Four of the
Glochidion specles studied here are more or less
wldespread throughout tropical Asia and thus may
have even more complex partner relationships with
Iipicephala pollinators. At the same time, distant
populations of Glochidion may be exposed to
different selection exerted by different sets of
Iipicephala species, creating a complex mosaic of
g netic structure in host Glochidion popuiations.
Thus, future progress in ecological and evolutionary
studies of these mutualisms depends fundamentally
on improved understanding of the diversity of each




                    Chapter 4
of obligate poiiination mutualism in New
        Phy"anthus (Phyiianthaceae)
                INTRODUCTION
     Obligate, seed-parasitic pollination mutualisms
  have arisen repeatedly during the history of terrestrial
  ecosystems. Currently recognized examples of such
  interactions involve plant and insect groups of
  various Iineages (Janzen 1979; Pellmyr 1989;
  Thompson and Pellmyr 1992; Pellmyr et al. 1996;
  Fleming and Holland 1998; Weiblen, 2002; Kato et al.
  2003; Pellmyr 2003). These mutualisms range from
 highly coevolved (Janzen 1979; Weiblen 2002; Kato
 et al. 2003; Pellmyr 2003) to less specialized
 interactions (Pellmyr 1989; Thompson and Pellmyr
  1992; Pellmyr et al. 1996; Fleming and Holland
  1998), but the underlying principle is the same:
 pollination is accompanied by oviposition in flowers,
, and the larvae consume only a fraction of the seeds
 within a resulting fruit. In figs, there is only a single
 ovule per fruit, but the fig can be considered as an
 aggregate fruit containing many seeds, some of which
 are consumed by the pollinator larvae. The special
 case involves the functionally dioecious figs, in
 which the pollinator wasps occupy nearly all of the
 ovules within functionally male syconia (Galil 1973;
 Janzen 1979; Weiblen 2002).
     Given the described principle in most obligate
 pollination interactions, it has been assumed that
 excessive exploitation of seeds by pollinators wouid
 confer a substantial cost to plants and would
 subsequently Iead to a collapse of the mutualistic
 relationship (Bull and Rice 1991; Herre et al. 1999;
 Bronstein 2001; Holland and DeAngelis 2001). In
 this paper, we describe an obligate, seed-parasitic
 pollination mutualism in which a single larva of a
 pollinator moth consumes all seeds of the host fruit.
 This system, which invoives New Caledonian
 Phyllanthus (subgenus Gomphidium) trees and
 gracillariid Iipicephala moths, resembles the closely
 related Glochidion-2E2}icephala mutualism in terms of
 overall net outcome (Kato et al. 2003), but differs
 strikingly in the modes of interaction between the
 mutualists. These differences would allow for explicit
 comparative analyses on various aspects of
 interspecific mutualism and make these associations
 an important model system fbr general studies of
 coqvolution.
    Phyllanthus is a cosmopolitan genus of
 monoecious trees or herbs comprising more than 800
 species (Govaerts et al. 2000). Although regarded as a
 nonmonophyletic group (Webster, 1994), it is the
 third largest genus of the family Euphorbiaceae
 (Govaerts et al. 2000). Among the 10 subgenera
Cagec onian
 currently recognized, Gomphidium is a group of
 sma  trees co prising about 150 species restricted to
Australia, New Guinea, and Polynesia (Holm-NielseR
 1979). Notably, this subgenus has undergone
extens ve dive sification in New Caledonia (115
species) and now constitutes the largest genus on the
islands (Schmid 199 ). Most trees in this genus have
a narrow distribu ion and use diverse habitats,
ranging from ainforests to dry scierophyllus scrubs,
from calcareous to serpentinous soils, and from
mangrove  to high mountains. In New Caledonia, the
subgenu  is further divided into two sections,
Gomphidium and Adenoglochidion; the fOrrner is
distinguished from the latter by folded calyx lobes in
the male flowers (Hg. 1). My analyses reveal that at
least one species representing each section is actively
and exclusive pollinated by host-specific seed-
parasitic moths. Additional evidence of moth
ssociations in other species and the overall similarity
of the highly specialized flowers within the group
further suggest that th s mutualism can potentially be
generalized to mos , if not all, species of the
subgenus Gomphidium.
        MMERIALS AND METHODS
   I studied the pollination biology of 25
Phyllanthus species at various localities in New
Caledonia during 29-31 August 2001, 7-13
September 2001, 19-29 March 2002, and 29
October-8 November 2002. Insect fiower visitors
wer  observed for two Phyllanthus species: R
ouilg oi ii at Chutes de Ba (2103'S, 16407'E) during
31 October-2 November 2002 and R aeneus at Cap
Bocage (2102'S, 16406'E) during 27-29 March 2002.
Phyllanthus bourgeo sii is a common rheophyte on
rocky r verbanks, and R aeneus is a shrub that is
typical of serpentin  scrub habitats (Figs. 2, 3).
Phyllanthus aeneus has open male flowers, whereas
those of R bo rgeoisii haye folded calyx lobes, which
mak  the a th rs i accessible to facultative flower
visitors (Fig. 1). Female flowers of both species are
much red ced and onsist of short, fused styles that
are mostly covered with calyx lobes (Hg. 1). The
flowers have thr e locules, each containing two
ovules. The two species flowered and fruited
throughou  the period  our study, which suggests an
extended duration of flower and fruit production that
is typical in Glochidion and other closely related
genera (A. Kawakha and M. Kato, unpublished data).
   For each species, I spent a total of more than 30












Fig. 1. Rowers of Phyllanthus bourgeoisii (A-C) and R
(D-F). (A) Male flowe: (B) Female flower.
section of a female flowen The arrow indicates the location of an
Eipicephala moth egg. (D) Male flower. (E,
Iipicephala eggs are laid within the tissue
(arrow).
visitors. Particular efifbrt was made so that my
observation covers a wide range of the 24 h period.
After field observations, I collected female flowers
and mature ftuits of the two species to assess the state
of pollination and Iilpicephala moth oviposition and
extent of seed infestation by the moth larvae. In the
laboratory, I dissected the flowers using a light
microscope and looked for the presence or absence of
pollen grains on stigmas and Iipicephala moth eggs
in fiowers. In the same way, I recorded the number of
intact seeds within each mature fruit and assessed the
cause of seed destruction for each fruit. Seed
destruction was either caused by mature lipicephala
larvae or by immature larvae that were parasitized by
braconid wasps. For imits from which mothslwasps
had already emerged, I assessed the cause of seed
destruction based on differences in exit-hole structure.
In addition to the two species that I studied
intensively, I also sampled female flowers of 10
Phyllanthus species and mature fruits of 23 species in
order to infer the occurrence of moth oviposition in
pollinated flowers and seed destruction by moth
larvae in these plants. A list of species sampled and
sample sizes of flowers and fruits examined are
provided in rfable 1.
  ' rlb determine the extent to which the moths
associated with different Phyllanthus hosts are
genetically related, I analyzed nucleotide sequence
variation within and among moth individuals reared
from fruits of different Phyllanthus hosts: R
bou,lgeoisii (N = 7), R aeneus (7V = 5), R
chamaecerasus (IV = 3), R tiehaghiensis (N = 3), R
guillauminii (N = 5), and R mangenotii (N = 2).
Fruits used for rearing were collected from as many
plant individuals as possible for each species in order
(F>k(l,liill..,.,111,i･･,1.l,
    Nx-.,x.l.'.ki, jll･yS'
       //,[
      l rema
        aeneus
 (C) Longitudinal
E) Female fiowcrs.
of the calyx lobe
to minimize the possibility that different moths
shared the same mother (fruits were collected from
the same plants used for examining seed infestation;
see tllible 1 for the number of individuals sampled). I
extracted genomic DNA from ethanol-preserved
Iarvae or adult moths reared from fruits of each
species using DNeasy Tissue Kit (Qiagen, Valencia,
CA). For each individual moth, I amplified c. 1.4-kb
fragment of the mitochondrial cytochrome oxidase
subunit 1 gene (COI) using polymerase chain
reaction (PCR) and primers described by Kato et al.
(2003). The PCR products were purified using
QIAquick PCR Purification Kit (Qiagen). The dye
terminator cycle sequencing reaction was performed .
with an ABI PRISM Dye 'Ibrminator Cycle
Sequencing Ready Reaction Kit (Perkin-Elmer,
Foster City, CA) with the PCR primers and additional
sequencing primers described by Kato et al. (2003)
and electrophoresed on an ABI 3100 sequencer
(Perkin-Elmer). Alignment of sequences was
straightforward and required no gaps. Using R4XUP"
version 4.0blO (Swofford, 2002), I calculated
uncorrected pairwise distances within 1317 bp of the
COI gene and estimate  relative branch lengths using
the neighborjoining method. All sequences obtained
in this study have been deposited in GenBank under
accessi n numbers AY269392-AY269416.
                 RESUI;TS
  During my fi ld observation, EZ)icephala moths
were the only visitors to Phyllanthus flowers. In the
evening, females of undescribed IEipicephala species
used their probo cises to collect pollen from male
Phyllanthus lowers (Fig. 4). I observed four visits by
Iipice7)hala moths to male flowers of R bourgeoisii
and on visit to male flowers of R aeneus. On
separate occasions, I recorded two visits by female
Elpicephala moths to female fiowers of R bobl7geoisii
ahd two visits to those of R aeneus. All of these
moths deliberately d posited pollen on the stigma
with their proboscises and subsequently laid an egg
(Fig. 5). Flower-v sit g females consistently carried
numer us pollen grains on their proboscises (Figs. 6,
7), and their behavior on flowers was similar to that
observ d in Glochidion-pollinating EPicephala moths
(Kato et al., 2003). The low number of observations
reflects the extreme difficulty of encountering moth
visits even during the peak flowering period, which
was also 'the case in Glochidion-pollinating
EPicqphala (A. Kawakita and M. Kato, personal
observations).
   In both Phyllanthus species, pollen grains were
deposited on the inner surface of the fused styles (Fig.
8), which likely did not occur through passive
pollination. In R hourgeoisii, moth eggs were laid
into the narrow pit of the style apex (Fig. 1), whereas
in R aeneus, eggs were laid directly into the tissue of
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Figs. 2-9. Rowers and pollinators of PdyUanthus bourgeoisii and R aeneus. 2. 0verview of R bouT:geoisii. 3. 0verview of R aeneus. 4.
Female lilpicephata moth collecting pollen from a male fiower of R bourgeoisii, 5. Female EPicephala moth ovipositing in a female flower
of R aeneus. 6. Lateral view of a female Eipicephala moth collected on R aeneus showing its pollen-coated proboseis. Bar = 1 mrn. 7.
Scanning electron micrograph of a female EPicephala moth collected on R bourgeoisii The proboscis is dusted with pollen grains (indicated
with an arrow), 8. Apical view of a R bourgeoisi.i female fiower. Pollen grains are deposited on the inner surface of the fused styles enclosed
by the calyx lobes. Bar = 1 mm 9. A R aeneus fruit damaged by an EipicEzphala moth larva. The arrow indicates the exit hole.
the calyx lobes (Hg. 1). Surprisingly, fiot all
pollinated flowers contained eggs; of 81 pollinated
female flowers of A bourgeoisii, only 49% had eggs,
while of 45 pollinated R aen.eus flowers, 69%
contaifted eggs. Phyllanthus bourgeoisii flowers used
for oviposition invariably had one egg per fiower,
whereas 25% and 89b of infested R aeneus flowers
contained two and three eggs, respectively.
Unpollinated fiowers did not contain moth eggs (2V =
32 and 15 for R bourgeoisii and R aeneus,
respectively).
    Of 136 mature fruits of R boargeoisii, 28% were
infested by iEPicephata larvae, and of 42 mature R
aeneus fruits, 40% were attacked (Fig. 10). Each
larva consumed all six ovules to complete larrval
growth and emerged from the fruit to pupate on the
host leaves or in litter (Fig. 9). In R bourgeoiskl, 58%
of ,Eipicephala larvae were parasitized by a braconid
wasp species. These parasitoids had a significant
positive edect on seed set by preventing further seed
consumption by the moth larvae (Fig. 10).
    Upon examining additional Gomphidium species,
I found that Elpicephala larvae infested the ftuits of
20 of 25 species (Table 1) and that the seeds within
these infested fruits were entirely destroyed. Of the
12 species ffom which I sampled female fiowers, 11
contained moth eggs within pollinated flowers in
proportions ranging ftom 25% (R poumensis) to 959b
(R buxoides) (T ble 1). In all cases, eggs were 1aid on
the external surflitce of flowers, and thus oviposition
by adult moths did not damage the ovaiy These data
indicate that the Gomphidixm-EPicephala association
is fairly widespre d among other members of this
subgenus.
    I also obtained adult moths reared ftom the ftuits
of nine Gomph dium species, R bouTgeoisii, R
aeneus, R mange otii, R guillauminii, ]R
chamaecerasits, R koniamboensis, R pilijiar, I]:
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Fig. 10. Frequency distribution of the number of intact seeds per
fruit. (A) Pdyltanthus bourgeoisii. (B) R aeneus. EPicqphala larvae
were parasitized by braconid wasps. Fl'uits from which
mothslwasps had already emerged were assigned to each category
based on differences in exit-hole structure. The number of intact
seeds within uninfested fruits ranged from two to six due to the
presence of unfertilizedlaborted ovules andlor empty, sterile seeds.
vulcani, and R pancherianus. In most cases,
individual moths that developed from different hosts
were easily distinguishable by wing pattern and
relative size, indicating that these moths are specific
to a single Phyllanthus host. The host-specificity of
the moths was further supported by nucleotide
sequence variations within 1317 bp of the COI gene
(Fig. 11). Pairwise sequence differences between
individuals collected from different hosts averaged
12% (range: 3-15%), whereas differences were <
O.3% among individuals parasitizing the same host,
despite regional co-occurrence of the host plants (A
bouigeoisii and R chamaecerasus at Chutes de Ba, R
aeneus and R mangenotii at Cap Bocage, and R
tiehaghiensis and jR guillauminii at Tiebaghi).
                DISCUSSION
   My analyses revealed that at least two species of
New Caledonian Phyllanthus are pollinated actively
and exclusively by Iipicephala moths. The larvae of
these moths consume all six ovules of the developing
fruit, while leaving a fraction of the fruits intact (Hg.
10). Similar association of Iipicephala moths found
in majority of the Phyllanthus species examined
(Table 1) suggests that the interaction between
species of Phyllanthus and Iipicqphala is a coevolved
E,sp.e.ctianvaece,asvsp
e.sp,e t]smaecesasliej
:.:'S. ;'. ii].i,,no, l.icap Beeage
l erutes cle Bs
 Fig. 11. Unrooted neighborjoining phylogram depicting relative
 branch Iengths within and among 1ipicephala moth individuals
 collected from dilferent Phyltanthus host species. The tree is based
on uncorrected pairwise distances within 1317 bp of the
mitochondriai cytochrome oxidase subunit 1 gene (COI), AII the
moths used in the analysis are currently undescribed, and host
affiliation of each individual moth is given in parentheses. Locality
infomiation is also provided to the right of shaded bars.
pollination mutualism that is potentially widespread
among diverse species of the subgenus, Gomphidium.
Il)7icephala moths were shown to be highly specific
to a single Phyllanthus host based on both
morphology and genetic variation (Fig. 11). Although
pairwise equenc  difTerences among individuals of
the same es were extremely low (O-O.3%), the
level of intra- and int rspecific genetic variation is
comparable to that reported for Glochidion-
poll nating Iipicephala moths (Kato et al. 2003).
     The mo t c itical factor underlying the
Gomphidium-Elpic phala mutualism is that a fraction
of the fruit  is lef  untouched by the moths. This is
most likeiy brought about by the absence of moth
eggs in a fraction of pollinated flowers, although I
have not ruled out asexual seed production
(apomixis), which may also account for the
occurrence of uninfested fruits. One possibie
explanation for the described pattern of egg
distribution is that Iipicephala eggs may be lost from
some flowers, possibly by egg predation or strong
desiccation. In som yucca-yucca moth interactions,
high m rtality of eggs andlor early instar larvae is an
important process fOr limiting seed consumption by
the moths (Addicott and Bao 1999; Csotonyi and
Addicott 2001; Shapiro andAddicott 2003). However,
in R a neus, moths oviposit directly into the tissue of
the c yx lobes, thereby scarring the surface of the
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Iobes. Such scars were not observed in flowers
without moth eggs, which may allow exclusion of
egg mortality as an explanation.
    Another possibility is that the moths do not
always oviposit in flowers that they pollinate,
although this cannot be concluded from my limited
number of observations. Such behavior seems
paradoxical, because the moths do not benefit from
the pollinating behavior itself. This seemingly
altruistic pollination behavior may be advantageous
to the moth because presence of uninfested fruits
might force the braconid parasitoid to spend
excessive time in detecting a host, thus decreasing the
probability of detecting and parasitizing moth Iarva.
Weiblen' et al. (2001) suggested that in functiorialiy
dioecious figs, the presence of seed figs reduces
search efficiency of the parasitoids that attack
pollinator wasps and hypothesized that functional
dioecy Ieads to increased pollinator production. More
detailed examinations of moth pollination and
oviposition behavior as well as parasitoid searching
strategy are clearly needed befbre this hypothesis can
be evaluated robustly.
    Empirical studies have demonstrated that in
some obligate pollination-seed-parasitic interactions,
plants selectively abscise flowers that contain large
numbers of eggs, thereby preventing excessive seed
destruction (Pellmyr and Huth 1994; Ritcher and
Weis 1995' Wilson and Addicott 1998` Addicott and         )7Bao 1999). In light of this, it is paradoxical that
Gomphidium trees do not abscise flowers containing
moth eggs, despite the substantial cost imposed by
the larvae. This may be a primary source of
evolutionary instability because the extent of larval
damage should vary among populations and between
years (Addicott 1986; Thompson 1994; Pellmyr and
Thompson 1996; Thompson and Cunningham 2002),
and excessive exploitation by pollinators should lead
to insufificient piant reproduction. One explanation
for the lack of selective abscission in Gonrphidium is
that the potential for such a mechanism is weak
because the available resources do not limit seed set
and thus need not be allocated to high-quality fruits.
However, as hypothesized for some yuccas (Addicott
and Bao 1999), Gomphidium flowers may not have
proximate cues to predict whether their ovules are
infested, because oviposition by lipicephala moths
does not directly damage the ovary Selective
abscission may be more Iikely involved in the
Glochidion-1Illpicephala mutualism, in which the
ovipositor of the moth directly cuts through the ovary
andlor style tissue, and the reproductive success of
the plant strongly depends on the number of eggs laid
per flower (Kato et al. 2003).
   Given that Gomphidium plants do not possess a
mechanism by which to prevent excessive
exploitation by Elpicaphala moths, there is also no
means by which the pollinators can retaliate against
being overexploited by the plant Once a plant
acquires the ability to selectively abscise flowers
containing oth eggs, it attains higher relative fitness,
which would rapidly lead to pollinator extinction.
Imp rtantly, such a pathway leading to the
br akdown of the sYstem is inherently avoided in
other o ligate mutualisms, because the exclusive
pollinators of the plants consistently infest the ･
flowers (or syconia) that they pollinate.
   T eoretical studies have predicted that
cooperat ve interactions are evolutionarily stable only
when both pan c pants possess mechanisms to
prevent overexploitation by the other (Axelrod and
Hamilton 1981; Bull and Rice 1991; Bronstein 2001).
It is therefore intriguing that a seemingly unstable
teraction between Gomphidium and Iipicephala has
persisted through evolutionary time and has
undergone extensive reciprocal diversification. The
und rlying rinc ple of this system implies that
mechanisms inherent to the mutualists are not
necessarily responsible for the evolutionary stability
of obl gate interactions. Recent empirical studies on
yucca-yu ca moth and 7hollius-eniastocheta
systems have also shown that various ecological
factors, such as density-dependent mortality of moth
larvae, may be more important in determining the
overall costs and benefits of the mutualism (Wilson
and Addicott 1998; Addicott and Bao 1999; Csotonyi
dAddi t  2001; Jaeger et al. 2001).
  Although the proximal process generating seed
t in Gomphidium plants is currently unknown, my
results show that th re are major dififerences in
feeding patterns between Iipiccphala moths
associated with Gomphidium and Glochidion fruits
and th  different mechanisms may be responsible for
the evolutionary stability of these specialized
nteractions. Future studies should rigorously
determine the processes regulating the costs and
benefi s of th se mutualisms as well as factors
contr buting to the observed differences in modes of
interaction between the two systems. Within the
family Euph6rbiaceae, there are several other genera
that are closely related to Glochidion and Phyllanthus,
such as Breynia, Saumpus, Flueggea, and
Margaritaria (Wl)bster 1994. Knowledge on
po lination systems of these related plant groups,
comb ned with robust phylogenetic hypotheses of
both plant and moth lineages would further add to our
understandings of the evoiutionary dynamics of
pollination mutual sms involving euphorbiaceous
trees and Lipicephala moths.
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                                      Chapter 5
Obligate poilination mutuaiism in Breynia (Phyiianthaceae): Further
documentation of poMnation mutualism invoMng Epicephala moths
                                  (Graciigarijdae)
                 INTRODUCTION
      The classically known obligate pollination
  mutualisms between figs-fig wasps and
  yuccas-yucca moths are among the most fascinating
  examples of pollination mutualisms known (Janzen
  1979; Weiblen 2002; Pellmyr 2003). In these systems,
  figs and yuccas depend exclusively on adult female
  wasps and moths for pollination, respectively, while
  the adult females depend on the developing seeds for
  nourishment of their offspring. These mutualjsms are
  unusual both in the diversity of species involved and
  host-specificity of the pollinators (Pellmyr 1999;
  Weibien 2002, Molbo et al. 2003). In addition, these
. interactions involve highly coevolved traits, such as
  active pollination behavior and specialized floral
  structures, topics of general biological interest
  (Kjellberg et al. 2001; Pellmyr and Krenn 2002;
 Jousselin et al. 2003). Furthermore, costs and benefits
  of the interaction for the plant (seed production and
  seed consumption) are relatively easy to measure,
 thus facilitating ecological analysis of the outcome of
 mutualism in these plants (Addicott 1986; Pellmyr
 and Huth 1994; Herre and West 1997; Addicott and
 Bao 1999; Patel and Hossaert-McKey 2000).
 [Ebgether, these attributes of the fig-fig wasp and
 yucca-yucca moth interactions provide model
 systems for various analyses of coevolutionary
 processes and ecological dynamics of mutualism.
     The recently discovered obligate pollination
 mutualism between lllpicaphala moths and trees of
 the family Phyllanthaceae (formerly Euphorbiaceae;
 see APG 2003) possesses striking similarities with
 the fig-(]ig wasp and yucca-yucca moth systems and
 potentially provides a model system for studies of
 coevolution and mutualism (Kato et al. 2003;
 Kawakita and Kato 2004). In these associations, trees
 of the genera Glochidion and Phyllanthus (subgenus
 Gomphidiblm) are pollinated exclusively by the
 females of species-specific Eipicqphala moths that
 actively collect and transport pollen with their
 proboscises. The moths lay eggs in female flowers,
 and their offspring consume 28-74% of the
 developing seeds while leaving the rest intact (Kato
 et al. 2003; Kawakita and Kato 2004). These
 associations are extremely diverse with Glochidion
 and Gomphidium together comprising more than 450
 species (Govaerts et al. 2000), while high host-
 specificity of the pollinator moths indicate that a
 comparable number of IEipicephala moths also exist
 (Kato et al. 2003; Kawakita and Kato 2004). In
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 addition, there are multiple sources of yariation in
 m des of the p ant-moth interaction (e.g., difference
 n the number of ovules per fruit; partial or tota1
 destruction of fruit by a single moth larva; Kato et al.
2003; Kawakita and Kato 2004), allowing
 compara iv approaches for the studies of
 evoluti nary and ecological dynamics of the
 mutuaiism.
   Whi e previou ly eported mutualisms between
Gloc idionlGoTnphidium and Iipicephala provide
 n vel opportunity for studies of pollination
mutualisms and coevolutionary processes, the
pollination systems in closely related plant genera
have yet to be investigated. Here,Iprovide evidence
for obligate pollination mutualism in two species of
Breyn a (B. vitis-idea and B. .fruticosa), which are
c osely related to Glochidon and Gomphidium
(Webster 1994; Govaerts et al. 2000). The genus
Breynia comprises 35 species of monoecious shrubs,
distributed in tropical and subtropical regions ofAsia,
Australia, and the Pacific Islands (Webster 1994;
Govaerts 2000). In this paper, I determine whether
deicephala moths associated with Bneynia plants
constitute the primary pollinators in the two species. I
also investigate if there is variation in the cost of
mutualism ( . ., seeds comsumed by pollinator
larvae) between the two species, which potentially
alifects the outcome of the interaction. Finally, I
compare th resu ts with those of the Glochidion and
Gomphdium systems and discuss major variants in
the mode of interaction within the
Phyllanthaceae-byicephala mutualism.
        MATERIALS AND METHODS
              BRE}7VIA i,77:nS-DE4
    Breyni  vitis-idea is a monoecious shrub that
occurs i  forest margin  of tropical and subtropical
for sts in Asia (Fig. 1). The species is distributed
from Pakistan t  the sou hern part of Japan, including
mos arts of tropical Southeast Asia (Govaerts et al.
2000). Th  f owers lack petals and are dimorphic,
with male flowers arranged toward the base and
female flowers at the apex of each branch (fig. 2).
TYpic lly, only one or two flowers are born on axils.
Mal  flo ers have fused calyx Iobes with infiexed
apical ends that make the stamens unlikely to be
accessible to opportunistic flower visitors (Kg. 3).
Fe ale flowers are c mpanulate with three short
styles fused at the center of the upper surface of the
ovary (IFig. 4). Female flowers have three locules,
each containing two ovules. Fruits are produced
shortly after pollination within 34 weeks. In the
course of fruit development, pedicels become erect,
and fruit coat eventually turn red to dark purple (Fig.
5). Flowering and fruiting occur throughout the year
but typically peak in spring (March to May) and early
fall (August to October) at our study sites.
    I studied insect flower visitors of B. vitis-idea
during 27 September-1 October 2002 and 9-13 May
2003 at Kasari, Amami Island (28028'N, 129041'E),
29 September=2 October 2003 at Banna, Ishigaki
Island (24022'N, 124010'E), and 3-5 October 2003 at
Funaura, Iriomote Island (24024'N, 123048'E), Japan.
Preliminary observations on fiowering and fruiting
phenologies were made at various localities in
southern Japan in 2001-2003. I made diurnal and
nocturnal observations of flower visitors for a total of
more than 60 h during the study periods. Particular
effort was made for nocturnal observations to study
flower visitation by EZpicephala moths. Elpicqphala
moths that visited flowers were collected after they
became inactive on branches or leaves. I also
collected other insect visitors a[(}ter they left the
flowers. The collected insects were identified and
examined for pollen attachment with a light
mlcroscope.
    Because flowers of B. vitis-idea produced a
small amount of nectar, I determined whether nectar
production occurred during the day or at night using
10 marked female flowers on each of four individual
plants. I covered the marked flowers with fine netting
(O.25-mm mesh; Wataya, Kyoto, Japan) to exclude
nectar foragers and sampled nectar at 0600 h and
1800 h during 11-13 May 2003 using
microcapillaries (Drummond, Broomall,
Pennsylvania, USA). We also measured sugar
concentration of sampled nectar using a pocket
refractometer (Bellingham & Stanley, Kent, UK) to
monitor temporal changes in sugar concentration of
nectar. I did not use male flowers fOr nectar
measurements because of the difficulty of sampling
nectar from enclosed male flowers without severe
destruction to the flowers.
   After field studies, I coliected female flowers of
B. vitis-idea, counted the number of pollen grains on
stigmas, and examined the presence or absence of
,Eipicephala moth eggs in flowers under a light
microscoPe. rlbtals of 179 and 274 female fiowers
were sampled from three and fOur individuals at
Kasari on 15 May 2003 and at Banna on 8 October
2003, respectively rlb determine the extent of seed
infestation by seed-parasitic moths, I also sampled
365 and 39 mature fruits from seven and two
individuals at Kasari on 15 May and Funaura on 5
October 2003, respectivelyL For each fruit, I counted
the number of destroyed seeds, intact seeds, and
unfertilized ovules. In addition whenever uninfested                         ,
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fruits were encountered, I looked for remains of
EZ7 cephala moth eggs to infer whether the moths had
oviposited on the fruits. For the fruit samples
collected at Kasari, I also assessed the cause of seed
destruction for each fruit. Seeds were primarily
destroyed by EPic phala larvae, but immature Iarvae
were occasionally parasitized by a braconid wasp,
and a n npollinating carposinid moth, Paramorpha
sp. also infested the seeds. I therefore determined the
causes of seed destruction based on differences in the
structure of feces and exit holes left by the insects.
Also, the number of moths and braconid wasps that
occupied each fruit was determined based on the
number of exit holes on surface of each fruit.
Preliminary rearing of moths and wasps has indicated
that these nsects always bore an exit hole upon
leaving the f uit; thus, the number of exit holes can
be reliably used to estimate the number of insects
emerged.
            BREYINijIA F?? U77COS,t!
  B eynia fruticosa is a monoecious shrub that is
typical in forest margins of Indochina and southern
China (Govearts et al. 2000; van Welzen et al. 2000).
rllypically, two to four fiowers are born on each axil
with male flowers arranged towards the base of each
branch. M le flow rs have fused calyx lobes with
inflexed apical ends as those of B. vitis-idea (Fig. 6).
Fem le flowers are not as specialized as in B. vitis-
ii ea and have free calyx lobes and free styles (Fig. 7).
The styles are split in upper half and are likely
accessible to pportunistic flower visitors (Fig. 7).
Female flowers have three locules, each containing
two ovules. Once pollinated, female flowers become
erect, and fruits are produced within three to four
weeks after pollination (Yl Kosaka, Kyoto Univeristy,
Japan, personal communication) (Fig. 8). Flowering C
and fruiting occurs year-round with several peaks per
year (Y Kosaka, personal communication).
  I studied insect flower visitors of B. fruticosa
ur ng 9-ll M rch and 14-16 September 2003 at
D ngmakhai (17058'N, 102036'E) and 17-18
September 2003 at Thakhaek (17024'N, 104048'E),
Laos. I studied diurnal and nocturnal flower visitors
for a tota  of 26 h during the study period with
emphasis on nocturnal observations of EPicqphala
moths. All insect visitors were collected and
examined for pollen attachment as described. In
addition, I collected EPicephala moths that rested on
leaves to check for pollen grains on their proboscises.
Aft r field observations, I collected totals of 210
flower  and 43 fruits from six B. .fruticosa individuals
to study pollen load on stigmas, presence or absence
of jElpice77hala moth oviposition, and extent of seed
destruction by moth larvae as described for B. vitis-
idea. For fruits that were not infested by Iipicephala
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Figs. 1-14. Flowers, fruits, and associated insects of Biayma vitis-idea and B ufruticosa 1. B vins-idea plaiit 2. Branch of B vitis-idea with
male flowers toward base (to Ieft) and female fiowers toward apex (right) 3. Male and 4. femaie flowers of B vitis-idea 5. Fruits of B vitis-
idea One of the fruits has an exit hole of 21ipieephaia moth larva (arrowhead) 6. Male flowers, 7. female fiowers. and 8. fruits of B juncosa
9. Female Iipimphala moth acttvely pollmatrng a B vi"s-zdea female flower with its proboscis 10. Female lipicephala moth oviposiUng in a
female B vtns-idea fiower 11. Female Iipicephala moth collected from a B vMs-idea fiower Proboscis of moth is covered with pollen
grewns (arrowhead) Bar = 1 mm 12. Cross section of B vitss-ictea frurt The fruit has six seeds. three of which were destroyed by an
EPicephala larva The larva had emerged through the exit hole (arrowhead) Bar = 1 mm 13. Female bracomd wasp probing a B vitis-;dea




Table 1. Amount and sugar concentration of nectar produced by female Breynia vitis-idea flowers during 11-13
May 2003. Values are means ± SE across four plant individuals (average value of 10 flowers for each plant).
Time Nectar amount (!-tl) Sugar concentration (%)
1800-600 h 11-12 May 0.57 ± 0.13 14.10 ± 7.17
600-1800 h 12 May 0
1800-600 h 12-13 May 0.11 ± 0.02 41.43 ± 4.72
600-1800 h 13 May 0 a
aSugar concentration could not be measured in these samples because there was no nectar production.





Fruits examined Damaged Intact Unfertilized Intact Intact fruit
(individuals) seedsa seedsa ovulea fruit (%) with egg (%)
365 (7) 3.02 ± 0.13 2.41 ± 0.11 0.57 ± 0.05 30.14 43.59
39 (2) 2.26 ± 0.41 3.67 ± 0.41 0.08 ± 0.04 43.64 64.71
(i.e., oviposition scars) to infer whether the
Epicephala moths had oviposited on fruit. Flowers




Nectar was produced at night on female flowers
of B. vitis-idea (Table 1). The marked differences in
the amount of nectar produced during the two nights
was likely from the difference in air humidity during
the 2 days (humid and dry on 12 and 13 May,
respectively), which was reflected in sugar
concentration of nectar (Table 1).
Observed visitors to flowers of B. vitis-idea were
the ant Anoplolepis longipes and an undescribed
species of Epicephala moth. Workers of A. longipes
visited female flowers of B. vitis-idea during the day
but mainly at night to forage nectar. However, these
ants were not observed on male flowers, and none
carried pollen grains (N = 19). At night, I observed
female Epicephala moths visiting female B. vitis-idea
flowers, depositing pollen grains with their
proboscises (Fig. 9), and subsequently laying an egg
within the interspace between clayx lobes and ovary
(Fig. 10). I observed four female Epicephala moths
visiting female flowers, which all had the same
stereotypic behavior on flowers. In addition, one of
these moths repeated the pollination-oviposition
behavior twice on the same flower. Although I did not
observe Epicephala moths collecting pollen on male
flowers, all the moths that visited female flowers
carried numerous pollen grains on their proboscises
(Fig. 11). The low frequency of moth visits reflects
the rare occurrence of moth visitation and the short
time Epicephala moths spent on flowers, which was
also the case in Glochidion- and Gomphidium-
pollinating Epicephala moths (Kato et al. 2003;
Kawakita and Kato 2004 and personal observations).
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Examination of pollen load and Epicephala moth
eggs in female flowers revealed that nearly all
pollinated flowers had moth eggs, whereas
unpollinated flowers only rarely had eggs (Fig. 15).
The mean number of pollen grains on female flowers
with moth eggs was 12.0 ± 0.6 (mean ± SE; N =116)
and 9.8 ± 0.9 (N = 38) at Banna and Kasari,
respectively, which was significantly greater than that
on female flowers without moth eggs (0.4 ± 0.2, N =
158 and 0.1 ± 0.1, N = 141, Mann-Whitney U test; U
= 409 and 23, P < 0.0001). These data indicate that
Epicephala moths are likely exclusive pollinators of
B. vitis-idea. Pollen grains were aggregated at the
stigmatic part of female flowers as in Glochidion and
Gomphidium (Kato et al. 2003; Kawakita and Kato
2004), which is unlikely to occur through passive
pollination. Eggs were laid between the ovary and
calyx lobes, and on average, egg-loaded flowers had
1.58 and 1.53 eggs per flower at Banna and Kasari,
respectively (N = 116 and 38, range: 1-4).
The mean number of intact seeds per fruit was
2.4 ± 0.1 (N =365) and 3.7 ± 0.4 (N =39) at Kasari
and Funaura, respectively, and seed-parasitic moths
destroyed 3.0 ± 0.1 and 2.3 ± 0.4 seeds (Table 2).
However, 30.1 % of the fruits sampled at Kasari and
43.6% at Funaura were not infested by the moths
(Table 2). Of these uninfested fruits, 43.6% and
64.7% had remains of Epicephala moth eggs (Table
2), indicating egg/larval death of Epicephala moths in
these fruits. Seed destruction was mainly caused by
Epicephala larvae (Fig. 16). Normally, a single moth
larva did not consume all seeds within a fruit (Figs.
12, 16), but two moth larvae were enough to destroy
all seeds of a fruit (Fig. 16). Braconid wasps
parasitized early instar Epicephala larvae by probing
the fruit (Fig. 13); this parasitism had a significant
positive effect on seed set by preventing further seed
consumption by Epicephala larvae (Mann-Whitney U
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Fig. 15. Frequency distributions of the number of pollen grains
attached to stigmas of female Breynia vitis-idea fiowers with and
without Eipicephala moth eggs at Banna and Kasari, The mean
number of pollen grains attached to fiowers with and without moth
eggs was 12.01 ± O.56 (mean ± SE; N= 116) and O.37 ± O.16 (N =
158) at Banna and 9.76 ± O.93 (IV = 38) and O.11 ±･O.07 (AT = 141)
at Kasari, respectively.
              BREywIA EI?U711COSA
    AIthough I did not observe ]Eipice7)hala moths
visiting flowers in B. fruticosa, EPicephala females
collected on leaves of B. fruticosa carried numerous
pollen grains on proboscises as those pollinating B.
vitis-idea (Eg. 14), which indicates that these moths
are active pollinators. I also observed a gall midge,
Clinodiplosis sp., resting at the entrance of maie
fiowers or on the styles of female fiowers. Of the 15
midges that I collected, two had a few pollen grains
on Iegs and heads, suggesting that these gall midges
may also contribute to pollination.
    The pattern of relationship between pollination
and ]Elpicephala oviposition was similar to that
observed in B. vitis-idea (Flg. 1'7), indicating that
EPicephala moths are the primary pollinators of B.
fruticosa. The mean number of pollen grains on
female flowers with moth eggs was 14.6 ± 1.0 (IV =
141), significantly greater than that on flowers
without moth eggs (1.1 ± O.4, N= 69, Mann-Whitney
U test; U = 477.5, P < O.OOI). Iipicqphala moth eggs
were laid at the basal part of the ovary, and
oviposition occasionally damaged the ovule. Moth
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Rg. 16. Frequency distributions of the number of destroyed seeds
per firui ' in Breynia vitis-idea at Kasari. Fruits of B. vitis-idea
invariably have six ovules. Immature larvae of Elpicephala moths
were occasion lly parasitized by braconid wasps. The mean
number of seeds destroyed was (A) 3.30 ± O.11 (mean ± SE; N=
83), (B) 5.66 ± O.06 (N = 119), (C) 1.48 ± O.09 (N = 31), and (D)
3.02 ± O.13 (N = 365).
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Fig. 17. Frequency distributions of the number of pollen grains
attached to stigmas of female flowers (upper) and number of intact
seeds per fruit (lower) in Braynia .f}"uticosa at Dongmakhai. The
mean number of pollen grains attached to female flowers with and
without moth eggs was 14.58 ± 1.00 (mean ± SE; IV = 141) and
1.07 ± O.37 (N = 69), respectively.
oviposition cut through the calyx lobes and the ovary
wall, thereby leaving oviposition scars. These scars
were reliable indicators of moth oviposition; the
presence of scars and moth eggs had a one-to-one
correspondence (N = 180). An egg-loaded flower had
an average of 1.28 eggs (N= 141, range: 1-3).
    Seed destruction was caused exclusively by
E?picephala moths, and a single larva destroyed all six
seeds of a developing fruit (Fig. 17). However, 66.0%
of the ftuits remained, uninfested (N = 43; Fig. 17).
Of these intact fruits, 51.6% had oviposition scars,
indicating that the eggs or early instar larvae of the
moth did not develop in these fruits.
                DISCUSSION
   OBLIGATE POLLINAI'ION MUTUALISM IN BRE}?]VIA
   This study revealed that at least two species of
Breynia are pollinated by Ilpicephala moths that
actively transport pollen between flowers. Although I
did not observe moth visits in B. fruticosa, the
presence of moth eggs in the majority of pollinated
female flowers (Fig. 17), combined with possession
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 of heavy pollen load on the proboscises of the female
 moths (Hg. 14) strongly indicates that lipicephala
 moths associated with B. fruticosa are the pollinators
 of their hosts. In both B. vitis-idea and B. fruticosa,
 larvae of the moths consumed developing seeds, but
 in tota1, a fraction of the seed crop was left intact,
 thus imposing a net benefit to plant reproduction
 (rfable 2; Fig. 17).
    Although my data showed that pollinated flowers
 of the two species normally had moth eggs (Figs, 15,
 17), a fraction of imits was not infested by
Ebicephala moths (rlbble, 2; Fig. 17). In most cases,
 this is brought about by eggllarval mortality of
jElpice:phala moths, as inferred from indication of
moth oviposition (egg remains in B. vitis-idea and
oviposition scars in B. fruticosa) in these firuits. Yet,
some fruits seemed not to have been oviposited by･
EPicephala (rfable 2; Fig. 17). In B. vitis-idea, the
proponion of intact fruits with moth oviposition was
likely underestimated because egg remains are not
always detectable and may be lost in the course of
fruit development. Therefbre, the possibility that the
fruits normally had been oviposited cannot be ruled
out in B. vitis-idea. In B. fruticosa, on the other hand,
scars on calyx lobes and ovary walls are reliable
markers of moth oviposition; thus, a fraction of intact
fruits probably had not been oviposited. Pollination in
these fruits may have been caused abiotically or by
other potential copollinators such as gail midges. It is
also possible that these fruits were produced by
Iipicephala moths that pollinated flowers but failed to
lay eggs, as suggested for the mutualism between
Gomphidium and Ilpicqphala (Kawakita and Kato
2004). In any case, a detailed study of moth
oviposition and demographic pattern of moth
eggl arvae are n eded to fully understand the factors
l miting the cost and benefit of the mutualism in these
sys ems.
    In some yucca-yucca moth interactions, yuccas
s lectiv ly abscise flowers with high egg loads,
the eby limiting seed destruction by yucca moths and
allocating available resources to increased seed '
production (Pel myr and Huth 1994; Ritcher and
Weis 1995' Wilson and Addicott 1998' Addicott and     r)Bao 1999). However, such a mechanism is not likely
in the ystems we studied, nor in the
Gomphidium-IEPicephala system (Kawakita and Kato
2004), because the plants did not abort flowers with
the level of egg load that most likely led to total
destruction of seeds (two and one eggs in B. vitis-idea
and B. fruticosa, respectively). Instead, eggllarval
mortality of EPic phala moths played an important
role in limiting eed consumption in the two systems.
The importance of eggllarval mortality as a factor
limiting excessive consumption is also noticed in
other seed-parasit c poliination mutualisms including
yucca-yucca moths (Addicott and Bao 1999; Shapiro
and Addicott 2003), globeflower-globeflgwer flies
(Jaeger et al. 2001), and senita cactus-senita moth
mutualisms (Fleming and Holland 1998; Holland and
Fleming 1999), as well as in an ecologically
analogous fly-fungus mutualism (Bultman et al.
2000). Whether eggllarval mortality is host-induced
(i.e., retaliation on overexploitation by the mutualist)
or caused by factors independent of hosts is unknown.
These issues should also be addressed in the future.
    The genus Breynia currently comprises 35
species distributed in tropical regions of Asia,
Australia, and the Pacific Islands (Govaerts et al.
2000). Plants of this genus are characterized by the
fused, obconic or turbinate calyx lobes in male
fiowers and minute styles that are more or less fused
in female fiowers (Figs. 3, 4, 6, 7; Chakrabarty and
Gangopadhyay 1996). These structures likely prevent
effective contact･ with anthers and stigmas by
facultative flower visitors and suggest that the
specialized EPicephala moth pollination is potentially
widespread within the genus. Fruits of B. distica in
New Caledonia and B. cernua and B. ohlongijblia in
Australia are also infested by lipicephala moths (A.
Kawakita and M. Kato, personal observations), which
further supports the widespread occurrence of
obligate pollination mutualism in the genus Breynia.
          '        OBLIGArE POLLINATION MUTUALISM IN
              PHYLLANTHACEAE ･.                                         -･   Obligate pollination mutualism in
Phyllanthaceae was first discovered between
Glochidion trees and jEipicephala moths (Kato et al.
2003). In this association, female ]Eipicephala moths
actively pollinate flowers and Iay eggs in female
flowers. The moth larvae consume the developing
seeds, but on average, 20-54% of the seeds are left
intact in each fruit (Kato et al. 2003). Species of
Gomphidium are also pollinated actively by female
EPicephalti moths that oviposit in flowers (Kawakita
and Kato 2004). In this association, however, a single
moth larva consumes the entire seeds of the
developing imit. Inst ad, 60-78% of the fruits are left
un ouched by the moth, probably because eggllarval
mortality is high in these species or the moths do not
always oviposit in flowers that they pollinate
(Kawakita and Ka o 2004). The Breynia-Iipicephala
mutualism reporte  in this study is similar to the
GomphidiumaElpicephala system in that the moth
larvae frequently consume all seeds of the developing
fruit (Figs. 16, 17). We showed that in this
association, eggllarval mortality of Elpicephala is an
mportant, yet not exclusive, factor limiting seed
destruction by he moths (Table 2, Fig. 17).
   The difiierent modes of plant-moth association
fOund in Glochidion, Gomphidium, and Breynia
provide multiple sources of variation in the factors
aiifecting the in er ction between Iipiccphala moths
and their hosts. For example, ovule number per
flower d fru t size typically varies among plant
ge era (e.g., six ovules per flower in Gomphidium
and Breyn a and 6-12 in Glochidion), which may be
associated with he proportion of seeds that a single
moth larva destroys. AIso, oviposition methods vary
among Iipicephala moths infesting different host
species (e.g., whether oviposition penetrates the
ovary or noO, and these difTerences may correspOnd
to differential abilities of the host plants in detecting
moth oviposition and selectively aborting heavily
infested fruits, as suggested for some yucca species
(Addicott and Bao 1999; Marr and Pellmyr 2003;
Shapiro and Addicott 2003). Thus, these variations
allow comparative approaches in various ecological
and ev lution ry s udies of plant-insect mutualisms.
Furthermore, the in eraction between the plant of a
closel related genus Flueggea and its seed-parasitic
E2)icqphala moth likely represent a plesiomorphic,
antagonistic condition for the mutualism (Kawakita
and Kato, un ublished data). rlbgether, these
attributes of the association between Phyllanthaceae
plants and Iipicephala moths provide an increasingly
fascinating model system for studies of mutualisms
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                         Chapter 6
survey of fruit parasitism by EpicephaLa
reeevance to poigination in Phyliantheae
              INTRODUCTION
   The obligate mutualisms between figs and fig
wasps, and yuccas and yucca moths are among the
most elaborate mechanisms of pollination known in
angiosperms (Janzen 1979; Weiblen 2002; Pellmyr
2003). The females of fig wasps and yucca moths
actively collect and transport pollen between fig and
yucca flowers, respectively, while the plants sacrifice
a subset of the resulting seeds for the nourishment of
pollinator larvae. Recent studies have found that
species of Glochidion, Breynia, and Phyllanthus
(subgenus Gomphidium) in the tribe Phyllantheae
(Phyllanthaceae) have established analogous
mutualisms with seed-parasitic E?7iopehala moths
(Gracillariidae; Kato et al. 2003; Kawakita and Kato
2004a,b). In these mutualisms, the female moth uses
her proboscis to actively pollinate the flower and lays
an egg in the flower she pollinates. The hatched larva
feeds solely on the developing seeds, but a fraction of
the crop is still viable fOr plant reproduction. Because
the plants depend exclusively on EPicephala for
pollination, neither of the partners can successfully
reproduce in the absence of the other
   Phyllantheae is a pantropical tribe of more than
1200 species, consisting of monoecious or dioecious
shrubs, trees, herbs, rarely climbers, scramblers,
succulents, or aquatics (Hoffmann et al. 2006). The
high species number and minute, inconspicuous･
flowers have made this group a particularly difficult
taxon to classify, but recent molecular phylogenetic
studies have established robust taxonomic limit and
generic classification for the tribe (Kathriarachchi' et
al. 2005, 2006; Samuel et al. 2005). Currently, six
well-supported clades are recognized at generic rank,
Phyllanthus s. 1. (including Glochidion, Breynia,
SaurQpus, and Reverchonia), Plagioclndus, Flueggea,
Lingelsheimia, Margaritaria, and Savia section
Hleterosalvia (Hofi7mann et al. 2006). The latter five
genera form a grade leading to the large, paraphyletic
genus Phyllanthus with embedded Glochidion,
Breynia, Saumpus, and Reverchonia. Phyllanthus is
further divided into ca. 10 subgenera and numerous
sections, but many of the subgenera are found to be
non-monophyletic (Kathriarachchi et al. 2006).
   Although information is rapidly becoming
available on the classification of Phyllantheae, much
Iess is known about pollination biology and
ecological associations with E))icephala moths within
the tribe. Aside from previous reports of Elpicephala
pollination (Kato et al. 2003; Kawakita and Kato
2004a,b), studies of pollination ecology in
               moths (Gr ciilariidae)
               (Phylganthaceae)
Phyllantheae are limited to two economically
important fruit crops in Southeast Asia (R emblica
nd R acidus) and one dioecious tropical tree (R
pinnatus). Reddi and Reddi (1984) hypothesized
wind-pollination for R emhlica and R acidus based
on high ensities of aiFbome pollen. Reddi and
Reddi (1985) conducted field observation and
bagging experiment and suggested that R pinnatus is
pollinat d both by wind and diurnal insect visitors,
such as bees, ants, and flies.
   Because eae has a remarkable diversity
of habitat, growth form, and floral morphology (Fig.
1), pollination system  are probably highly divergent.
Knowledge about pollination biology and ecological
association with Ilpiccphala in various lineages
wit in the tribe thus provides important basic.
information for stud ing the origins of the highly
specializ d mutualism nd conditions that led to its
evolution. In this paper, I study 25 species spanning
broad taxonomic range within Phyllantheae (rlletble 1)
to determine whether or not each species is associated
with eed-parasitic E picephala moths. I also conduct
field observation and pollination experiment to
identify potential pollinator fauna for each species.
The sampled species cover various ecological
hab tats (temperat  to subtropical forests, seasonal
tropical forest, montan  cloud fOrest, and desert sand
dune) and a wide geographic range (Japan, Taiwan,
Laos, Madagascar, and the USA), thus represent
much of the diversity observed within the tribe.
         MATERIALS AND METHODS
             SPECIES STUDIED
FIueggea
   Flueggea is one of the earliest lineages to have
diverged within Phyll ntheae (Kathriarachchi et al.
2005, 2006; Samuel et al. 2005) and comprises 14
species having a rel ctual, pantropical distribution
(Webster 1984). The two species sampled in this
study (E suLfiG'uticosa and E virosa) are dioecious
shrubs common in temperate to subtropical
vegetations of eastern Asia. Flowers are borne in
axillary clusters (Hg. Ia), and the male flowers have
f v  free stamens with anthers subtended by long,
slender filaments (Fig. 2a). The female flowers have
three sty es that are basally connate and distally free,
bifid, a d d lated (Fig. 2m).
Phyllanth"s subgenus lsocladus
   Subgenus lsocladus is one of the basal members
w thin Phyllanthus s. I. and comprise nearly 70
47
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 species in five sections. 11socladus has a pantropical
 distribution, but a recent molecular phylogenetic
 work has suggested that the subgenus is polyphyletic
 (Kathriarachchi et al. 2006). The two species
 included here (]R ussuriensis and R virlgatus; Fig. Ib)
 belong to section Macraea and are herbs that occupy
  rather disturbed, weed-like habitats. The flowers are
  borne on axils with one to three male flowers
  arranged basally and single female flowers distally
  within a branch. The male fiowers have two stamens
' that are connected into a column (Hg. 2b), and the
 female fiowers have three styles that are free and
  deeply bifid (Fig. 2n).
  Phyllanthus subgenus Kiilganelia
     Subgenus Kirganelia coRsists of herbs, shrubs,
  and trees with a variety of habitat and floral
  morphology (Webster 1957). It comprises nearly 50
  species of paleotropical distribution but is also
  polyphyletic (Kathriarachchi et al. 2006). The two
  shrub species sampled from section Kirganelia (R
 ,fZexuosus and P! oligospermus; Fig. Ic) are
  infrequently found in understory or forest margins of
  temperate and subtropical vegetation in western
  Japan and rllaiwan. The male flowers are aggregated
  on the axils and have three to five free stamens (Fig.
  2c). The female flowers are arranged singly on axils
  and have three, entire or slightly bifid styles (Fig. 2o).
     Section Anisonema is centered in the tropical
  regions of Madagascar and continental Africa, but
  one species (R reticulatus) is widely distributed
  throughout the Old World tropics as for east as
  Taiwan (Govaerts et al. 2000). During the course of
  this study, I found that plants currently referred to as
  R reticulatus contains two distinct forms that can be
  clearly distinguished based on floral characters (not
  corresponding to the pubescent and glabrous forms as
  discussed elsewhere). In one of the forms, the male
  flowers are ovoid and have five or six, oblong calyx
  lobes that are narrowly imbricate and reddish
  abaxially at the base (Fig. 2d). The female flowers
  have the ovary almost entirely invested by five or six,
  near orbicular calyx Iobes, and 6-10, entire or
  apically bifid styles that are irre.aularly inflexed and
  forming a fleshy clump of stigmatic tissue (Eg. 2p).
  In the other form (Fgi. Id), the male flowers are more
  or less spheroidal, having whitish, imbricate calyx
  lobes (Fig. 2e). The calyx lobes of the female fiowers
  merely invest the basal half of the ovary, and the
  styles are reduced and almost completely fused into
  the spheroidal structure of the ovary, forming a
  stigmatic pit at the apex of the flower (Fig. 2q). These
  two forms are found at various localities in Taiwan
  and Laos, indicating that these morphological
  differences are well established and widespread.
  Furthermore, they are pollinated by different species
  of llpicephala that can be clearly distinguished by
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male genit l mo phology and egg-laying behavior
(see RESUIJI]S), suggesting that the two forms are
reproductively iso a ed. I therefore treated the two
forms as dis inct spe s in this study. I refer to the
first fbrm as R ret culatus and the second as R sp., as
the former more closely matches published floral
descriptions for the species (Webster 1957).
  Subg nus Pentandra includes three species of
herbs or a shrub tha  are primarily distributed in the
tropical regions of Africa. The species included here,
R te ellus, is a Rative herb of the Mascarene Islands
(Webs er 1957), but is now a common weed in
tropical and subtropical regions worldwide
(Kurosawa 2001). The flowers are morphologically
s mple with five free stamens in the male flowers and
three bi id styles in the female flowers.
Phyllanthu  ubgenus Cicca
   Subgenus Cicca c ntains some of the most
dis inctive plants in the genus and comprises four
species of the N w World origin. Phyllanthus acidus
is a medium-sized t e of up to 10 m high and
comm nly cultivated in tropical areas worldwide fOr
its acid fruits. Both male and female flowers are bone
together in dense cymules on modified deciduous
branchlets. Th  male flowers have four slender
stamens, and the fema e flowers have three, deeply
bifid styles.
Phyllanthus subgenus Einblica
   Subg nus EMbl ca includes less than 10 tree or
shrub pecies native to the Asian tropics and
subtrop cs. The speci s studied here, R emblica (Fig.
Ie), is a moderately tall tree, widely cultivated for its
ed ble f uits. The flowers are borne on cymules,
which are subtended by reduced leaves, with single
apical female flower nd several lateral males. The
three stamens of the male flowers are connected to a
terete column. The female flowers have three, basally
connate and distally free styles that are twice bifid.
Phyllanthus subgenu  Phyllanthus
   Subgenus Phyllanthus contains the most
d vergent groups within the genus and comprises
about eight sections and subsections of non-
monophyletic origins (Kathriarachchi et al. 2006).
T e spec es are mostly herbs (Fig. ID and rarely
small shrubs, widely distributed in the tropics of the
world. Several species are widespread weeds in
tropical regions worldwide, inc}uding R debilis and R
amarus (native to India and Ceylon, and tropical
America, respectively) that are sampled here
(Kur s wa 2001). Phyllanthus lepidocailpus is
distributed throughout eastern and southern Asia. The
flowers of these species are more or less similar in
having three stamens onnate into a column and three




























 flowers and single female flowers are borne together on the axils. .
                            'Phyllanthus subgenus thiococcus
    Subgenus thiococcus is a well-defined natural
 group of ca. 30 species distributed from southern
India and Ceylon to Japan and the Philippines. The
 species of this subgenus is easily distinguished from
other groups by virtue of lacerate, often purplish-red
calyx lobes and characteristic androecium of two
connate stamens (Fig. 2g; Webster 1957). The styles
are more or Iess free and bifid (Fig. 2s). rl"wo species,
R liukiuensis (Fig. Ig)and R pulcheroides, are
sampled for this study
Phyllanthus subgenus Rhyllanthoclendron
    Subgenus Phyllanthodendron is a small Asian
group of trees and shrubs, characterized by bell-
shaped flowers with apically reflexed, acuminate
calyx lobes and connate stamens with minute
subulate prolongation. The styles are fieshy, basally
connate, and slightly bifid. The species sampled here,
R roseus (Fig. Ih), is a common tree in evergreen
forests of the southeastAsian tropics.
Phyllanthus maroj'ql'iensis and R humbertii
    Phyllanthus mar(v'ql'iensis and R humhertii
belong to a group of seven species endemic to
Madagascar, which have previously placed in the
genus Glochidion. They are now considered distinct
from the true, entirely Asia-Australian Glochidion
based on morphological examination (Hoffmann and
McPherson 2003), although their position within
Phyllanthus is still unknown. The two species are
restricted to montane cloud forests in northeastern
Madagascar. The male flowers have five narrowly
imbricate calyx lobes and three connate stamens (Fig.
2h). The styles are entire but more or less reduced,
and three of them are fused on top of the ovary to
form fleshy stigmatic tissue (Fgi. 2t).
Reverchonia
   Reverchonia is a monotypic genus of a highly
specialized desert annual (R. anenaria; Fig. Ij)) found
in sand dune areas of the southwestern United States
and northeastern Mexico (Webster 1963). Although
the genus has a series of distinctive floral characters
and an unusual habitat, it is deeply nested within
Phyllanthus s. 1., based on a molecular phylogenetic
analysis (Kathriarachchi et al. 2006). The flowers are
dark reddish and borne on axillary cymules, each
with single female and several male flowers; The
clayx lobes are slender, obtuse, and constricted in
both sexes. The male fiowers have two free stamens,
and the females three, dilated and slightly bifid styles.
Breynia
    Bneynia comprises ca. 35 species of shrubs or
 trees occurring from India and Sri Lanka to Japan,
A tralia, and the Pacific. Most species of the genus
 have obco ic or turbinate male flowers with
 completely fused, apically inflexed calyx, and female
flowers with medially fused, minute styles
(Chakrabarty and Gangopadhyay 1996). These floral
characteristics are most likely associated with
specialization t  Elpicpehala pollination (Kawakita
and Kato, 2004b). Howeveg a few Breynia species
have Iess specialized floral morphologies including
fused but apical}y simple male calyx, and
conspicuous and bifid styles. I sampled one such
species, B. retusa (Hg. Ik), distributed widely in the
Indo-Malesian tropics. The plants have yellow male
fi wer with connate stamens (Fig. 2i) and greenish
female flowers with th,ree, basally connate and
distal y bifid styles (Pig. 2u). The female fiowers are
borne singly on axillary cymules among several male
flowe s.
Saalqpus
    Sauropus is also an entirely Old World genus of
herbs, shrubs, and rarely ta11 trees. There are ca. 80
species distributed from India and Sri Lanka to
Southeast Asia and Australia, but the group is
probably unnatural with respect to theAustralian taxa.
The Asian sp cies ar  further paraphyletic with
respect to embedded Breynia. Most of the species,
including the t ree species studied here (S.
quadangularis, S. bnevipes, and S. androgynus; Fig.
11), are character zed by the fused, discoid calyx in
the male flow rs with connate, flat filaments bearing
anther horizontally or downwardly at the corners of
the triangular connective (Fig. 2j-l), and the bifid and
mostly horizontal styles in the female flowers (Fig.
2v-x).
    PREV:ALENCE OF EPICIIPHALA ASSOCmaES IN
                PHYLLANTHEAE
   Tb determine whether or not each species i$
associated with seed-parasitic Elpicephala moths, I
collected fruits that are fu11y developed in size, and
examined the intensity of Iipicephala infestation
under a Iight micr scope. Larval feeding is usually
complete or near complete at this stage, so the
proportion of the seeds destroyed in each fruit can be
reliably measured. Larvae that emerged from the fruit
samples were kept in plastic containers under room
tempe ature (250C) to rear out adult Elpicephala
moths. Information on locality and study period is
given in rfable 1, and sample sizes are given in 'fable?
  rlb assess whether or not EPicephala is involved
in pollination, I also collected the flowers and
examined the ratios of pollinated and non-pollinated
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flowers with Elpicephlala oviposition. Actively
pollinating female EPicephala always lays an egg in
the flower that she pollinates (Kato et al. 2003;
Kawakita and Kato 2004a,b), thus the link between
successful pollination and oviposition is a required
condition in Iipicephala-pollinated plants. I examined
each female flower under a light microscope to check
for pollination status, and searched for EPicephala
eggs in the following three-step procedure. First, I
searched for eggs laid superficially on the floral
surface, especially within the interspace between the
ovary and calyx Iobes, or undemeath the horizontally
dilated styles. Second, I looked for oviposition scars
on floral surface, which would be left as obvious
black dots if the eggs were laid internally. Lastly, I
cut the flowers venically through the median line to
check fbr eggs laid from the floral apex, in which
case the oviposition scar is usuaily difficult to Iocate.
These criteria encompass all the known patterns of
egg deposition in EPicephala (Kawakita and Kato,
unpublished), thus are sutificient to detect or rule out
the presence of oviposition. Sample sizes of flowers
are given for each species in rfable 3.
  IDENTIHCMION OF POTENTIAL POLLINA:I]OR EAUNA
   Tb study potential pollinator fauna for each
species, I sampled flower visiting insects and
assessed the amount of pollen attached to their bodies.
Observations were made between 0900 and 1600 h
under fine weather condition and ail flower visitors                        'were captured by netting. For species that were found
to have associations with Iipicephain, I also made
night observations between 1900 and 2300 h to study
the oviposition site and presencelabsence of
pollination behavior. Visitation rate was calculated
for each insect species as the number of individuals
collected per hour per plant. For each insect specimen,
I counted the number of pollen grains attached to the
body under a light microscope. Pollen was checked
against that of the focal plant for its size, shape, and
color to ensure that I counted pollen grains of the
correct specles.
   [E]EST FOR EFFECTIVENESS OFANT POLLINA:I]ION
   In several species of herbaceous Phyllanthus,
ants were frequently observed on the flowers (see
RESUIJTS). Because some studies show that
antibiotic substances secreted from metapleural
glands of ants have inhibitory effect on pollen
germination (Beattie et al., 1985), I experimentally
teSted whether or not ant visitation results in fruit set
in ]Pl lepidocarzpus. For this purpose, 50 plants of Pl
lepidocarpus were collected from a wild population
in September 2004 at the Kyoto University campus
and transplanted individually in 500 ml pots. I kept
the plants indoors for one week and marked 15-39
female flowers per plant that newly opened during
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th s per d  I then applied the following four
treatments: 1) the plants were caged with fine netting
(cage, 50 cm × 80 cm × 60 cm; mesh size, O.25 mm)
to exclude all flower visitors (N = 15), 2) caged as
ab ve, but ants were allowed to freely forage through
a slit (width, 5 m ) at the bottom of the cage (N =
15), 3) caged and selfipollinated by hand (N = 5), and
4) left uncaged as control (N = 15). The experimental
pots were placed in a greenhouse where ants were
abundant for a period of one week, and proportion of
the marked flo rs that developed into fruits was
calcula ed fbr each plant. During the experiment, I
monitored the `ants-only cage' at various times of the
day tw en 800 h and 2200 h for a totaI of 12 h and
confirmed th t no insects other than ants
(Leptothorc tsp.) were present in the cage.
                RESUITS
    ASSOCIA[IilONS WITH EPICEPHALA MOTHS IN
            PHYLLANTHEAE
   Inspec ion f field-collected fruits indicated that
seed parasitism by EPicephala moth occurred in the
following eight species: E suLJOe-uticosa from rl]akedao
and Makiyama, R ussuriensis, R reticulatus, R sp., R
lepidocailpus from Nohara and Omoto, R amarbls
from Thakhaek, R m rcv'ql'iensis, and R humbertii
(rlletble 2). Iipicephala moths emerged from the eight
spe i s were all und cribed, and those collected on
different hosts were clearly distinct from each other
based on adult size, wing pattern, and male genital
morphology. This indicates that the eight species are
associ ted with different Elpicephala species, each
having a very narrow host range. The rate of fruit
pa a itism by ]EPicephala varied greatly among
species and popu}ations (data were not available for R
sp. and R amarus from Thakhaek, due to degradation
f the fruit sam les). The proponion of infested fruits
va ied from 17.4 % in R lepidocaTlpus from Nohara
to 89.5 % in E suLJ!7}'uticosa from Makiyama. wrthin
infested fruits, Iipicephala larvae destroyed nearly all
the se ds, except in R reticulatus in which
EPicephala destroyed 35.2 % of the seeds on average.
   In addition to Iipicephala moths, I also found
braconid wasps, Bracon spp., that fed on the seeds in
fruits of R reticulatus, R sp. R pucheroides, and R
roseus. The wasps emerged from fruits as adults after
pupating in the seeds. The proportions of fruits
infested by Br con spp. were 79.2 % and 75.5 % in R
pulcheroides a d R roseus, respectively, and within
each infested fruit, 57.5 % and 43.0 % of the seeds
were destroyed on average. The intensity of seed
damage was not determined for R reticulatus because
it was not possible to discriminate between damages
caused by Iipiceph la and Bracon. A carposinid moth,
Paramor:pha sp., also infested 12.3 % of the fruits in
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Fig. 3. Femalc Eipicephata
moths associated with
Phyllanthcac plants. a, E. sp. 1
ovipositing in a fiosvcr bud oi
Fltteggea stttfritticosa. b. E sp.
2 poltinating a female fiower ot
Plt)'lt(mtlnts reticttlattas. c. E.
sp. 3 ovipositing in a young
fruit of R tepidocarpus. d E.
sp. 4 ovipositing in a young
ftui t of R ainarus.
'Ilible 4. Results of pollination experiment in
significantly diftfk rent (Kruskal-Wallis tcsg x2
letters indicate sionificant differencc.
PhyUcztithtts tepidocar;ptts. Fruit
= 40.01, df = 3, P < O.oo1).
se s in
Letters
the fou  treatments were
with diffk rent superscript
P]ants Eowers per plantFruit set
Contro1
Caged svith fine mesh














   Eipicephata eggs were found in flowers of R
neticulattts, R sp., and R mcuojojiensis (Tab!e 3). In
these species, eggs wcrc laid almost exclusively in
pollinated female flowers, indicating that Eipicephala
oviposition is closely Iinked to pollination. In R
retictttattts, the cggs svere laid superficially
underneath the epidermal tissue in pedicels or calyx
lobes, svhereas in R sp., the eggs svere laid through
the apical stylar pit and embedded svithin the ovary
tissue. In R m(uz)jojiensis, the eggs were laid
internally through the Iateral ovary svall and placed
svithin the interspace between the ovary wall and
ovules. Eora1 data were not available for some
species or populations, due to unavailability of
fiosvers during the study period or degradation of the
materials during transportation.
    FLOWER VISITOR EAUNA IN PHYLLANTHEAE
   A list of flower-visiting insects collected during
this study is givcn in 'Ilable 4. 0veral1, the most
common diurnal visitors were syrphid and calliphorid
fiies and ants, but the composition of flower visitor
fauna varied greatly among species. The flowers of
Flueggea attracted a wide variety of insects including
bees, svasps, flies, beeties, and butterflies. In contrast,
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the herbacc us Pliyltcvithus species svere visited
exclusively by ants, except in R virgatus which were
visited by syrph d flies in addition to ants. Visitation
ra es were relatively hi.oher in Flueggea and
herbace us Phytlatithits as compared to the rest of the
species. Most diurn  visitors carried pollen ginins on
the r bo es, indicating that they act as pollinators at
least to some extenL ･
   jEPicephala m ths were also found visiting the
plants at nighL In jF: sigl777uticosa, I observed the
females of tipicephata laying eggs in fiowers (N =
32), fios e  buds (Hg. 3a; N = 5), and developing
fruits (N = 1). The moth did not pollinate the flowers
as in actively pollinating Eipicephala species, and
none of them (N = 38) carried pollen grains on their
proboscis or on any other parts of their bodies. In R
reticutatus, I observed female ]Eipiicephata pollinating
the flowers with their proboscis (fig. 3b) and
subsequent y ovipositing into the flowers (N = 20).
All thc moths collec ed on R neticulants flosvers
carr ed loads of pollen on their proboscises. In R
tepidocar;pus and R antarus, female EPicephata
moths ovipositcd in immature young fruits without
pollinating (fig. 3c,d; N = 13 and 6 for R
lepidoccu:pus and R atnarus, respectively), and none
 of them carried pollen grains on their bodies.
Although I did not observe tipicephala oviposition
behavior in R usSMriensis, ]R maroj'e7'i'ensis, and iR
humbertii, inspection of fruits at various
developmental stages in R ussuriensis indicated that
eggs were laid in immature young fruits (N = 4) as in
R lepidbcailpus and R amarus. In R maizu'ql'iensis, I
collected one EPicephala moth resting on a leaf at
night, which carried a pollen load on the proboscis,
suggesting that the moths associated with R
marzu'e7'iensis also has the actively pollinating habit.
       EFFECTIVENESS OFANT POLLINATION
    The results of pollination experiment in R
lepidocarlpus are summarized in Table 5. These
results clearly indicate that ants are capable of
effectively pollinating the flowers in R lepidocarpus.
Each fruit contained six fully matured seeds in all
treatments, indicating that negative effect of ant
metapleural secretion is negligible at most. I also
showed that the plants are selfcompatible, indicating
that within-plant movement by ants can also result in
fruit set.
                DISCUSSION
  VARWIONS IN POLLINAIiOR EAUNAAND MODES OF
  ASSOCIArlON WITH EPICEPHALA IN PHYLLANTHEAE
   Ihave shown that there is potentially a very large
variation regarding pollination system and
association with Elpicephala moths in the tribe
Phyllantheae. Below I evaluate most likely
pollinators and modes of association with Elpicephala
moths in different groups.
Flueggea
   The two species of I71ueggea were visited
frequently by a wide array of insects, which most
likely cause effective pollination. Iipicepahla moths
found in E suLifi6'uticosa in rfakedao and Makiyama
are not involved in pollination because none of the
ovipositing females I observed ca,rried pollen on their
bodies. I did not investigate whether or not
]Eipicq7hala moths prefer to lay eggs in pollinated
fiowers than non-pollinated flowers, due to lack of
floral samples. Howeveg our observation that
females laid eggs at various floral stages including
fiower buds likely indicates that they do not choose
oviposition sites based on pollination status.
Phyllanthus section Anisonema (subg. Kii:ganelia)
   The two species of section Anisonema, R
reticulatus and R sp., were both associated with
Elpicephala moths specific to each species. These
moths are likely exclusive pollinators of their hosts
because (1) Ilpicephala oviposition was closely
linked to successful pollination in both species (rliable
3), (2) the moths were observed pollinating the
flowers at least in Pl reticulatus (Fig. 3b), and (3) no
other flower visitors were present during the study
period (Table 4). The proponion of seeds destroyed
in each fruit was limited to 35.2 % on average (Table
3), indicating that there is an overall net benefit of the
interaction for the plant. Both Phyllanthus species
occur in Ta w n and Laos and are each associated
with the same specif c IEIpicqphala moth in the two
geographic areas (A. Kawakita and M. Kato, personal
observations), indic ing that these pollination
mutualisms a e well established and widespread
throughout much of eastern Asia.
Herbaceous Phyllanthus (sections Macraea,
Pentandra, Phyllanthus, and Utinaria)
    All the herbaceous species of Phyllanthus were
visited by ants and l s frequently syrphid flies that
carried pollen grains on the bodies, except in R
tenellus (sect on Penldndra) which I could not record
any visitors. Cage experiment in R lepidocarpus
indicated that the pl ts are selflcompatible and ants
are capable of fenilizing the flowers. These
observations suggest that herbaceous species of
Phyllanthu  a  most likely pollinated by ants. In
some populations of R ussuriensis, R lepidocaJzpus,
and R amarus, fruits were parasitized by host-
specific Iipicephala moths. These moths are not
involved in pollination because they laid eggs in
immature fruits (Fig. 3c,d), and ovipositing females
did not carry pollen on their bodies. Their larvae
almost invariably destroyed all the seeds within
single fruits (Table 3).
M lagasy Phyllanthus (R ma,zzl'ojiensis and R
humhertii)
   The flowers of the two Malagasy species were
not visited by any insect during the study, but several
lines of evidence suggest that they are also poliinated
exclu ively by a tively pollinating Elpicqphala moths.
F rst, th re was a high correspondence between
pollination status and presence of ,Eipicephala
oviposition i  R martu'e7'iensis. Second, fruits of the
two species were parasitized by species-specific
EPicephala moths, and a field-collected female of
one of these species was found bearing a Ioad of
poll n on the proboscis. Lastly, the floral morphology
f the two spec es shares several features with that of
other EPic phala-pollinated plants, including the
imbricate male calyx lobes with narrow entrance and
the reduced, medially fused styles (Fig. 2h,t; Kato et
al., 2003; Kawakita and Kato, 2004a,b). 1ipicephala
larvae destroyed ne rly all the seeds in ftuits that are
infested, but other fruits were left untouched (wable
2). The mechanism responsible for this pattern is
unknown, but the mortality of eggs andror early instar
larvae is probably important, as shown in a different
E picephala pollin ted species (Kawakita and Kato,
2004b) and another obligate seed-parasitic pollination
sy tem (Eeming and H lland, 1999), with similar
s ed destruction patterns.
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 Sections Kirganelia, Cicca, Emblica, Eriococcus, and
 subgenus Phyllanthodendron
    The remaining groups of Phyllanthus were
 visited by various diurnal insects but at a relatively
 lower frequency as compared to Flueggea or
 herbaceous taxa. The fruits of these species were not
 infested by Elpicephala moths, which at least
 indicates that they are not involved in specialized
mutualisms with iEZ)icqphala. The insects collected on
flowers mostly carried pollen grains on the bodies,
indicating that they are strong candidates as
pollinators. Previous study hypothesized that R
acidus (section Cicca) and R emblica (Emblica) are
wind-pollinated, based on high abundance of aiF
borne pollen. I was not able to test this hypothesis
because the flowers of the two species were not
available during the study. The other work (Reddi
and Reddi, 1985) suggested that Il pinnatus (section
Chorisandra), a close relative of R acidus
(Kathriarachchi et ai., 2006), are visited by bees, ants,
and flies, which points to the possibility that R acidus
also has animal pollinators as well.
Reveiuhonia, Breynia, and Saurqpus
    These non-Phyllanthus taxa are morphologically
distinct but phylogenetically embedded in
Phyllanthus s. 1. The species studied here also did not
have associations with EPicephala, as shown by the
absence of EPiccphala in[festation in large fruit
samples (rfable 2). Pollination systems of the species
are difficult to determine, as they were scarcely
visited by insects. Some diurnal insects bearing
pollen were collected (rllable 4), but their
effectiveness as pollinators must be studied more in
detail. A previous study showed that two Breynia
species (B. vitis-idea and B. .fruticosa) are actively
pollinated by seed-parasitic Iipicetphala (Kawakita
and Kato 2004). In addition, at least three other
Breynia species, B. cernua and B. oblongijiolia in
Australia and B. disticha in New Caledonia, are
probably involved in similar mutualisms, because
they are infested by host-specific lipicephala species
and share the specialized floral morphology (A.
Kawakita and M. Kato, unpublished data). Howeveg
the absence of Iipicephala infestation and floral
specialization (rllable 2, Fig. 2i,u) likely indicate that
B. retusa is pollinated by a non-EPicephala insect.
The gall midge, Clinodiplosis sp., was also observed
on B. fruticosa fiowers (Kawakita and Kato, 2004),
suggesting a strong association of this insect to
Breynia plants and hence potential as a pollinator.
   NON-EPICEPHALA INSECTS INFIiSTING FRUITS IN
               PHYLLANTHEAE
   In addition to EPicpehala moths, I also found that
braconid wasps, Bracon spp., are associated with
fruits of Phyllantheae plants. These wasps were
treated as parasitoids of Elpicephala moths in
previous studies (Kawakita and Kato, 2004a,b).
However, a closer examination of larval habit
suggested tha  the asps do not parasitize E2picephala
but instead feed on th  seeds. This is supported by the
fact that they emerged from species that do not have
associations with ]E]picephala moths, such as R
pulcheroides nd R roseus. However, a further work
s neede to tudy their Iarval bioiogy in more detail
and eflfects they may have on reproductive output of
Phyllantheae plants. Also, a carposinid moth,
Pa amozph . sp. wa found infesting the fruits of B.
retusa. This species was also found in B. vitis-idea
and B. .fruticosa (Kawakita and Kato, 2004b and
unpublished data). However, its adult habit and
ovipo ition behavior are still unknown, which require
further investigation.
 ASSOCncION BEI"WEEN FLORAL SPECIALIZATION AND
        POLLINAI"ION BY EPICEPHALA MOTH
  The r sults of this study and earlier works (Kato
et al, 2003; Kaw k ta and Kato, 2004a,b) can be
combined to evaluate patterns of floral evolution in
the tribe Phyllantheae. The most prominent
characteristic unique to Iipicephala-pollinated plants
is the fusion of the st les (Fig. 2p,q,t), which most
like y facilitates effective receipt of pollen during
active pollinat on by lipicephala females. This
c r cteristic is seen in all the known species that are
polli ated by lipicephala (Glochidion, Breynia
excluding B. r tusa, ubgenus Gomphidium, section
Anison ma, and M lagasy Phyllanthus), except in B.
fruticosa which has free, erect styles. Another
important feature is the reduction of the styles, most
typically into non-Iobed, simple projection but rarely
into specialized st Iar pit. However, the styles of B.
fruti  a bifid, and some individuals of R
reticulatus have eakly bilobed styles. Reduction of
styles is not necessarily unique to IEipicephala-
pollinated plants, s species of section Kinganelia
also have entire styles (Fig. 2o), although these are
conspicuou ly extended and spreading.
   Specializ tion in male flowers is more variable
am ng ditiferent groups. The most intriguing
modification is the narrowly imbricate or fused calyx
lobes fou d in Breynia, Gomphidium, Anisonema
(Hg. 2d, ), and Malag sy Phyllanthus (Hg. 2h). The
narrow entr nce of the flowers probably serves to
prevent unde ired loss of pollen by facultative fiower
visitors. However, species of Glochidion and nearly
half the species of Gomphidium (section
Adenoglochidon) have free calyx lobes, suggesting
that this characteristic is also not shared among all
the 2!ilpicephala-pollinated taxa. In addition, similar
constriction of calyx occurs in Reverehonia and
Phyllanthodendron, us the trait is not unique to
plants pollinated by I picqphala.
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                CONCLUSIONS
    Overall, the results of this study indicated that
there is considerable variation in pollination system
and mode of association Iipicephala moths in
Phyllantheae. I have shown that two additional
Phyllanthus lineages have established pollination
mutualisms with seed-parasitic IEipicqphala, whereas
some species of Flueggea and herbaceous
Phyllanthus are associated with previously
undocumented antagonistic EPicephala. Although
robust classification and phylogenetic relationships
are rapidly becoming available for Phyllantheae, a
better understanding of evolutionary history of the
Phyllantheae-lipicephala association would come
from phylogenetic analyses targeted at species with
known life histories. Such analyses may reveal the
frequency and timing of the evolution of the
specialized mutualism with Iipicephala, as well as
evolutionary conditions or trait changes that may
ave been involved. In addition to phylogenetic
issues, there are still a large number of taxa for which
pollination systems are unknown. Examination'of
herb rium spec mens at University of California,
Dayis indicates that species of the Central American
subgenus Xiylophylla and Neotropical section
AJbthoclema are als  infested by Elpicephala qudged
based on exit holes and characteristic pupal cocoons;
A. Kawakita, personal observations), thus the
phylogenetic and geographic distribution of
EPicq]hala-pollinated species may even be broader.
Future progresses in evolutionary studies of
Phyllantheae-iipicE;phala association would certainly
depen  on r construction of a well-resolved
phylogeny and improv d knowledge of poliination
syst m in various lineages.
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                             Chapter 7
Muitipee origins of obligate po[iination mutuaEism
         PhyKanthaceae-EpicephaLa association
               INTRODUCTION
    Mutualisms fOrm an integral part of many
communities and often play an important role in the
maintenance and promotion of biodiversity (Herre et
al. 1999; Thompson 2005). The obligate mutualisms
between flowering plants and their seed-parasitic
pollinators represent perhaps some of the most tightly
integrated cases of interspecific mutualisms (Janzen
1979; Weib}en 2002; Pellmyr 2003). The fig-fig
wasp and yucca-yucca moth mutualisms are two
classically known examples, which have provided
important model systems for understanding the origin,
persistence, and coevolutionary process of obligate
mutualisms (Cook and Rasplus 2003; Pellmyr 2003).
Several recent studies have found intriguing new
examples (Eeming and Holland 1998; Kato et al.
2003; Kawakita and Kato 2004a,b), providing
promising new opportunities to study various
ecological and evolutionary attributes of mutualisms.
    Plowering piants commonly depend on insects
fOr pollination, and many insects specialize on
developing seeds for their diet. However, origins of
pollination mutualism between plants and their seed
parasites are exceedingly rare in nature (Thompson
1994, 2005; Pelimyr 1997). Previous studies have
explored factors that Iimit or promote the evolution
of mutualisms and found that various ecological
conditions, such as host specificity, absence of co-
pollinators, limited seed destruction, and high
pollinating ability are critical to such events
(Thompson and Pellmyr 1992; Pellmyr et al. 1996;
Westerbergh and Westerbergh 2001; Westerbergh
2004). Although these conditions are rarely met in
most plant}-seed parasite interactions (Kephart et al.
2006), empirical and theoretical studies suggest that
obligate mutualisms can quickly evolve among
Iineages with necessary life history traits, sometimes
resulting in multiple origins of similar mutualisms
within the same association (Thompson 1994, 2005;
Pellmyr et al. i992; Pellmyr et al. 1996).
   The recently discovered association between
Phyllanthaceae plants and seed-parasitic Elpicephala
moths is particularly useful for testing this prediction,
because obligate mutualisms are reported in several
different genera or subgenera (Kato et al. 2003;
Kawakita and Kato 2004a,b), while many other
related species are pollinated by non-jEipicephala
insects (Chapter 6). Mutualism in this association is
similar to those found in figs and yuccas in that the
plants are pollinated actively and exclusively by the
ovipositing females of Zipicqphala moths, whose
larvae in turn consume some of the developing seeds.
in the
In addition, the association involves parasitic
Ilpicephala species that do not pollinate flowers, thus
provides interesting opportunities to explore
evolutionary pathways leading to transition between
mutua sm and antagoni m. In this chapter, I conduct
molecular phylogenetic analysis of Phyllanthaceae
plants and ]EPicephala moths to determine the
phylogenetic origin of obligate pollination mutualism
in this association. The present results indicate
striking converg nce f obligate mutualisms in this
association, which have arose repeatedly as much as
five times in the pla t lineage. The emerging picture
of historical diversification in this obligate mutualism
is provid s wealth of opportunities to test specific
predictions regardi g the origin of mutualism and
historical role of coevolutionary processes in shaping
reciprocal dive sif cation.
         ]M[ATERIALS AND METHODS
          PHYLOGENETICANALYSIS
    Molecular phyloge etic analysis was focused on
the trib  Phylla theae, which includes several
lineages tha ,have stablished mutualisms with
EPiceph la moths. The analysis included a total of 49
species of Phyllantheae and 25 species representing
the remaining seven tribes in the family (Hoffmann et
l. 2006). The phylogeny was rooted with two species
o  P crodendra ae, which represents putative sister
group to Phyll thaceae (Wurdack et al. 2004). The
analysis was based on a ca. 1.3 kb stretch of
chloroplst DNA encoding the maturase K (matK)
ene, which has p eviously been shown to be
particula iy usefu1 for phylogenetic analysis of the
f mily and tribe (Samuel et al. 2005; Kathriarachchi
et al. 2005, 2006). Sequences of Phyllantheae plants
were newly obtained for this study; the remaining
sequences were adopted form previous studies
(Kathriarachchi et . 2005).
   F r EPicqphala, we sampled a total of 38 species
obtained from fruits of various species of
Phyllantheae. The sp cies treated here are currently
all undescribed, but the sampled individuals each
represen  distinct species based on adult size, wing
pattern, and male genitalic morphology (A. Kawakita,
unpublished d ta). For outgroups, eight species from
four putativel clos ly related genera were sampled
and sequenced. Phylogenetic analysis was based on
the elong ti n factor-1 alpha (EF-la) gene, which is
widel  used n higher-Ievel phylogenetics in insects
(Cho t al. 1995; Danforth 2002).
   Protocols for DNA xtraction, polymerase chain
reaction (PCR), and sequenceing follow those
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[fable 1. Nodal a
Node














Gruas-Cavagnetto and KOhler (1992)
Gruas-Cavagnetto and KOhler (1992)
Gruas-Cavagnetto and KOhler (1992)
Davis et al. (2005)
aThis fbssil is considered here as stem group Phyllantheae, as Phytlanthus in the broadest sense encompasses the whole tribe.
bBased on maximum age of the family obtained in a previous study.
described in Kawakita et al. (2004). For PCR and
sequencing of the matK gene, the following primers
were used (located in order from 5'- to 3'-end): matk6
(forward) 5'-tllA AAR CGT TrllA MT ACT CG-3',
matk3 (forward) 5'-GR TTY TTT CTT CAC GAG
TM TG-3', matk4 (reverse) 5'-C GAG RGA YTG
YTT CGA rllAA TG-3', and matk2 (reverse) 5'-ACA
AAY AAI" A[I"C MAA MA CC-3'. The primers used
for EF-la are the same as those in Kawakita et al.
(2004).
   The alignment of matK sequences vvas conducted
using Clustal X (Thompson et al. 1997) with manual
adjustments of obvious misalignments. Sequences of
EF-1or had not length variation, thus the alignment
was straightfbrward. For each data set, I obtained
most-parsimonious (MP) trees by heuristic searches
with 100 random addition analyses and tree
bisection-reconnection (TBR) branch swapping using
MUP* ver. 4.0blO (Swofford 2002). Robustness of
the MP trees was validated with bootstrap analysis
with 1000 replications and decay indices (Bremer
1994). Command file for calculating decay indices
was generated using TreeRot ver. 2 (Sorenson 1999).
   We also conducted Bayesian phylogenetic
reconstruction using mrbayes 3.1.2 (Ronquist and
Huelsenbeck 2003). Prior to the analysis, we used the
program MrModeltest 2.2 (written by J. A. A.
Nylander: http:11www.ebc.uu.selsystzoolstaff1
nylander.html) to select an appropriate model of base
substitution for each gene partition. Bayesian analysis
consisted of running four simultaneous chains for 2
million generations, sampling trees every 1000
generations for a total of 2001 trees. We plotted InL
likelihood of the sampled trees against generation
time to identify the burn-in period at which the
parameter estimates reached a plateau. Accordingly,
we discarded the initial 501 trees and the remaining
1500 samples were used to estimate the tree topology.
Tb ensure that the ana}yses were not trapped in local
optima, we carried out three separate runs and
compared parameter estimates for consistency.
     RECONSTRUCTION OFANCESTRAL CHARACTER
                   S[[ATES
   Tb infer the phylogenetic origin of obligate
                                  rpollination mutualism in Phyllanthaceae and
EPicqphala, we' mapped onto the obtained
phylogenies the presencelabsence of EPicephala
pollination in Phyllantheae plants and active
pollination behavior in Elpicephain. Specialized
lvicephala pollina ion is present in species of
Glochidion, Breynia, Phyllanthus subgenus
Gomphidium, section Anisonema, and an unclassified
group of Malagasy endemics (Kawakita and Kato et
l. 2004a,b; Chapter 6). Although we do not have
suilfici nt ecological data for all the included species
for these groups, obvious similarity of reduced floral
morphology and confirmation of the presence of
se d-feeding Elpicephala (A. Kawakita and M. Kato,
unpublished data) provide rationale for coding these
speci s as having the specialized pollination system.
The only exc ption is B. retusa, which has markedly
different floral morphology and lacks the association
with EPicephala (C apter 6). Moths associated with
the above five groups were coded as active
polli ators, wh le species that are associated with E
suMuticosa and h rbaceous Phyllanthus are coded as
non-p llinators (Chapter 6). Only species within
Phyllantheae and Iipicephala were included in the
analysis to prevent po sible interference by outgroup
character states on overall reconstruction.
   Tb infer th  ancestral pollination habit of
Phyllantheae and Ilpicephala, I optimized character
states onto the Bayesian tree with the highest
Iikelihood score using the program Multistate (Pagel
1999). This progr m estimates the likelihood of
alternative states by taking into account branch
lengths and st te transformation rate parameters
estimated from data. I used the general Mkl model of
Lewis (2001), which was judged by likelihood ratio
test as not significantly worse than a more complex
model (P> O.1).
        DIVERGENCE TIma ESTIMATES
   Analysis of ancestral character reconstruction
indicated that bligate mutualism arose multiple
times in Phyllantheae (see REsuLTs). Howeveg
considering that such analyses can often produce
equivocal results, support for a panicular hypothesis
can be strengthened by independent analyses.
Assuming that the mutualism evolved repeatedly in
Phyllantheae, it is possible that colonization of
Phyllantheae by ]EPicephala occurred much later than
the initial diversification of the most recent common
ancestor (MCRA) of Iipicaphala-pollinated species. I
therfbre tested whether or not the origin of active
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pollination behavior in EPicephala postdates the
initial divergence of the MCRA of E2picqphala
pollinated lineages.
   rlb infer divergence time estimates fOr the two
groups, I chose the Bayesian tree from above to test
for rate constancy among lineages. Branch lenghts
and assdciated Iikelihood scores were calculated on
this tree in RdLUP" under the optimal model and
parameters with and without a molecular clock
enfbred, which resulted in rejection of global rate
constancy (P < O.05). ConsequeRtly, divergence times
were estimated on this tree using non-parametric rate
smoothing (NPRS; Sanderson 1997) method as
implemented in r8s ven 1.71, which relaxes the
assumption of molecular clock by optimizing rate
changes among neighboring branches. rlb estimate
standard errors associated with divergence times, we
used the non-parametric bootstrapping strategy: 100
bootstrapped data sets were generated, and branch
lenghts were estimated using the Bayesian topology
and parameter estimates with the highest likelihood
using RAUP*. The resulting branch lengths were used
to calculate the 95 % confidence interval in
divergence time estimates.
   rlb calibrate the Phyllanthaceae tree, we used
three palynofossils from the rllertiary (Gruas-
Cavagnetto and K6hler 1992) as reliable minimun
age constraints for several internal nodes, and the
estimated maximum date (108 mya; Davis et al.
2005) of the divergence between Phyllanthaceae and
Picrodendraceae as the maximum age constraint
(rfable 1). Pollen fOssils of Phyllanthus were
considered conservatively to represent the stem group
Phyllantheae, because circumscription of the genus in
the broadest sense encompasses the entire tribe
(Kathriarachchi et al. 2006).
   In contrast, there are no reliable fossils fer
Elpicephala or related moth genera within
Gracillariidae, which prevents the estimation of moth
divergence times using geological evidence. I
therefbre used ecological associations between the
plants and moths to constrain several internal nodes
on the ]Elpiccphala phyogeny. Specifically, we
assumed that the crown group ages of well-defined,
species-rich Iipicephala clades should not predate
those of associated host clades, because the moths are
highly specific to and obligately dependent on their
hosts and thus are unlikely to have diverged in the
absence of host diversification. I used the estimated
optimal crown group ages of Glochidion, Bneynia,
and section 6omphidium as maximum age
constraints fbr the crown group node of associated
Iipicephala pollinators. Because the r8s program
requires both maximum and minimum constraint, or
at least one node to have a fixed age, I estimated
relative node ages by fixing the root node to have the
age of one (as suggested by the program), and
subsequently imposed the constraints to estimate
maximum pos ible ages fOr the fbcal nodes.
 . . In addition, I also used the stem group age of the
three host clades to account for possible effect of
incomplete sampling n overall estimates. This
option most likely provides overestimates for the
m ximum ge of Elpicephala, but is highly
con ervative when testing the hypothesis of delayed
host colonization. The maximum possible ages of the
pollinators should reside in between the two
stimated divergence times.
                 RESUffS
   The obtained phylogenies for the plants and
moths are given in Figs. 1 and 2, respecitvely. Overall,
parsim ny and likelihood analyses gave nearly
identical topologies. Most nodes on the plant
p ylogeny are well supported, and the results are
highly consistent with previous studies
(Kath iarachchi et l. 2006). Phyllanthus is shown to
be paraphyletic with respect to embedded
Reverehonia, Sauropus, Breynia, and Glochidion.
The fiv  roups that have mutualistic associations
with Elpicephala pollinators (Glochidion, Breynia,
Gomphidium, Anisonema, and Malagasy Phyllanthus)
are cl arly non-monophyletic, suggesting that
multiple shifts in pollination systems have taken
pl ce. The phylogenetic tree of IEipicephala revea}ed
that major moth clades are generally specific to
single plant taxonomic groups. Howeveg the overall
r lationships are not concordant with those of the
plants, indicating that multiple host colonizations
have taken place. The actively pollinating lineages do
not form a monophyletic group, and species
parasitizing herbaceous Phyllanthus grouped together
on the phylogeny, despite their associations with
divergent host taxa.
   The results of anc stral character reconstructions
indicated that several critical nodes on the phylogeny
are robustly suppor ed as having non-Iipicephala
poll n tion system ("fable 2; Fig. 3). The inferred
absence of mutualism in MRCA of Saumpus and
Br yni , and that of Glochidion, Phyllanthodendron,
Sauizpous, and Breynia clearly indicate that
mutualisms arose independently in Glochidon and
Breynia, with a single loss of mutualism in B. retusa.
Significance was not found for the remaining nodes,
but th  overall high probability of non-EPicephala
p llinat on is co sistent with the hypothesis of
recurr nt independ nt evolution of mutualism in
Phyllantheae. In tot l, the analysis of ancestral
character reconstruction indicates that the mutualism
riginated at least hree ,times and lost once within
Phyllan ae. Cha acter reconstruction in Iipicephala
gave more consistent results (Fig. 3), which indicate
that active pollination behavior evolved once and
subsequently Iost at least once, although it is
uncertain whether or not the E?)icephala species
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Fig. 1. Strict consensus tree of 1146 most-parsimoniuos
chloroplast matk gene. Numbers above nodes indicate
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Fig. 2. Strict consensus tree of 2393 most-parsimoniuos trees (length, 536; CI = O,44; RI = O.73) based on ca. 550 bp of nucrear
EF-1or gene. Numbers above nodes indicate parsimony bootstrap values foltowed by Bayesian posterior probabilities. Those
below branches are decay indices.
antagonistic state in the genus.
    Analysis of divergence times indicated that early
divergences within the tribe Phyllantheae date back
to early Tertiary (Fig. 3), which corresponds to the
period of warm climate when high latitudes harbored
tropical rainforest vegetations as those inhabited by
recent members of Phyllanthaceae (Morley 2000).
The MRCA of IIPiopehala-pollinated plants (Node 7
in Fig. 3) was estimated to be 49.6 mya (range:
44.4-60.7 mya; Table 3). In contrast, the origin of
active pollination in ]Eipicephala (Node 15 in Fig. 3)
is estimated to have occurred 23.5 mya (16.1-29.4
mya; rfable 3), which significantly postdates initiai
divergence of EPicephala-pollinated plants. When
host stem-group ages are used to constrain
EPicqpahla phylogenM the associated age largely
overlaps that of host divergence, but the optimal
estimate is still younger (43.3 mya; Table 3).
Considering th  the use of stem-group ages could
overestimate lllpicephala divergence times, these
results are consist nt with the hypothesis that
EPicqp)hala colonized Phyllantheae that has already
p rtly diversified in the absence of obligate
mutualisms.
                DISCUSSION
    The r sult of the phylogenetic analysis indicates
that the five Phyllantheae Iineages with Iipicephala
mu ualism are not related to each other (Hgs. 1, 3),
sugges ing that there have been multiple occurrences
of transition betwee  specialized and generalized
pollin ion systems in Phyllantheae. Iipicephala
67
[NabEe 2. Ancestral states for the presencelabsence of
Elpicephala-pollination in Phyllanthaceae or active
pollination in Iipicephala as inferred from maximum
likelihood Proportional likelihood values are given

















































Asterisks indicate reconstructions judged as best as determined by
a decline of at Ieast two units between states (i.e., the threshold
value).
pollination could have evolved once in the MRCA of
lvicephala pollinated plants (Node 7 in Fig. 3) and
!ost repeatedly, or arose multiple times in
independent lineages. The present results are
consistent with the latter possibility, with mutualisms
evolving at least three times and as much as five
times within the tribe. These results indicate that the
similar specialized floral morphologies fOund among
these plants, such as fused styles and imbricate male
calyx, are the result of convergence in response to
similar ecological requirements. On the other hand,
the pollination habit arose only once in Eipicephala
(Fig. 3), indicating that this behavior has been of
critical importance to the evolution and maintenance
of the mutualism between Phyllanthaceae plants and
EPicephala moths.
   Previous studies in other obligate pollination
mutualisms or less-specialized plant)-seed parasite
interactions have identified various ecological
conditions that are necessary for the evolution of
obligate mutualisms, such as host specificity, limited
seed consumption, absence of copollinators, and high
pollinati g ility (Pellmyr and Thompson 1992;
Thompson and Pellmyr 1992; Thompson 1994, 2005;
Pellmyr et al. 1996; Westerbergh and Westerbergh
2001; Westerbergh 2004; Kephart et al. 2006). These
requirements are not commonly met in most
planFinsect interactions, but in lineages where these
preconditions are present, mutualisms can arise in a
relatiyely few evolutionary steps, ocassionally
resulting in repeated evolution of similar mutualisms
within a single association (Thompson 1994, 2005;
Pellmyr et al. 1996). The results of this study provide
novel empirical example suggesting that repeated
evolution of mutualisms can occur as a predicted
outcome in coevolutionary interaction with traits that
promote mutualisms. Although ecological data are
still insufficient to allow trait-by-trait analysis of the
factors promoting mutualisms in the
Phyllanthaceae-Il?)icephala association, available
evidence indicate that many of the predicted
conditions are common to this systeM. Host
specificity is a general attribute of the mostly leaf-
mining gracillariid moths, and the pollinating ability
has obviously evolved in 2Eipicephala as the direct
result of coevolution with the hosts. Limited seed
consumption can not be inferred for the Ilpicephala
ancestor from available data, but this condition is not
a prerequisite for the evolution of the mutualism, as
larvae of IEipicephala moths that pollinate some
species of Gomphodium and Breynia consume all the
seeds within single fruits (Kawakita and Kato
2004a,b). Ecological factors that limit seed
destruction in the Elpicqphala system is not fu11y
understood, but the phylogenetic framework provided
here allows for a future assessment of their
importance in promoting the evolution of mutualisms.
Ancestral condition for the presence of co-pollinators
is also unknown, but the loss of pollinating behavior
in l!lpicephala species in[festing herbaceous
Phyllanthus suggests that Phyllantheae plants may
have been commonly pollen-limited. This is because
herbaceous species occupy weed-like habitats and
commonly achieve nearly full fruit set (Chapter 6; A.
Kawakita, personal observations), thus active
pollination by Iilpicephala is redundant to efificient
pollination provided by the co-pollinators. Future
ecological studies would clarify factors that limit fruit
production in non-llpicqphala pollinated species,
which provides important insights into ecological
conditions that facilitate the evolution of mutualisms.
[fable. 3. Estimated ages for the origin of obligate
Node numbers corres ond to those in Fi .3.
mutualismin the Phyllanthaceae-Iipicephala association.
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Fig. 3. Character state reconstructions and divergence time estimates for Phyllantheae and EPicephala. Orange indicates non-lipimphala
pollinated taxa in the plants. and non-pollinating seed parasites in lipicephala; green indicates lipieephala-pollinated plants and actively
pollinating Elpicephala, He grams are given for selected nodes to indicate proportional likelihood scores for the two alternative states. Nbdes
with asterisk indicate significant difference in Iikelihood score between the two states, Branch lengths are proportional to time, Ecological
links are given between species or species groups; orange and green links donate antagonism and mutualism, respectively.
??
    Overall, the present results indicate that the
genus lipicephala has gone through extensive
diversification since the initial origin the mutualism.
The currently described members of the genus merely
comprise ca. 40 species with mostly unknown larvai
habit (de Prins and de Prins 2005), but considering
the high species specificity and overwhelrning
diversity of potential hosts in Glochidion (>300 spp.),
Gomphidium (>150 spp.), or Bnaynia (ca. 35 spp.),
the genus is probably a giant group that has co-
diversified with their host Phyllantheae plants. The
evolution of active pollination behavior is therefore
considered an evolutionary key innevation, in a sense
that it is strongly linked to rapid radiation (Schluter
2ooO). Furthermore, repeated colonization of distant
host lineages and reqruitment of new mutualists
provided multiple independent opportunities for
recip cal diversification with their hosts. The
historical role of coevolution in promoting
diversification has been previously diMcult to
investigate (Bece r  1997; Farrell 1998), but the
Phyllanthaceae-lipicephala association provides a
promising candidate system for such analysis,
because repeated origins of the mutualism allow for
multiple independent comparisons of patterns and
processes of reciprocal diversification. The
phy ogenetic framewotk presented here provides a
ro ust baseline for t sting such predictions, which
w ll be poss ble onc  improved classificatien and
estimates of spe ies abundance becomes available for




       Chapter 8
General discussion
    DIVERSITY OF POLLINIYI]ION SYSTEMS AND
        ECOLOGICAL ASSOCIMIONS WITH
    ERIC:EPHAL,4 MOTHS IN PHYLLANTHACEAE
     The striking discovery of the intriguing obligate
  pollination mutualism in Glochidion and Elpiccphala '
  (Kato et al. 2003) was the strong motive of the
  present thesis. Before this study has taken place,
  there was almost no information on pollination
  system of plants in Phyllanthaceae or larval feeding
  habit of Iipicephala. A series of field works
 conducted during this study has revealed the diversity
 of pollination systems in Phyllanthaceae and highly
 variable associations with Elpicephald moths.
 Pollination system ranged from diurnal bee and fly
 pollination to ant pollination and nocturnal
 Elpicephala pollination. The association with
 Elpicqphala varied from truly mutualistic associations
 to putatively plesiomorphic antagonism and
 secondarily evolved parasitism. Even within the
 mutualistic associations, there was a great degree of
 variation in traits that likely affect ecological
 outcome of the interaction, such as the proportion of
 seeds destroyed per larva, mode of egg deposition,
 and local faunal composition of 1ipicephala
 pollinators. The extent of variation in life history
 traits found in this association is comparable to, or
 even greater than those found in the two classic cases
 of obligate pollination mutualism, namely the fig-fig
 wasp and yucca-yucca moth associations. The great
 diversity of species involved, coupled with observed
 variation in life history attributes, provides wealth of
 opportunities for studying various ecological and
 evolutionary outcomes of mutualism, and makes this
 association a promising new model system in ecology
and evolutionary biology
         ASYMMETRIES IN PATTERNS OF
     SPECIFICITYAND DIVERSIFICiffION IN
    OBLIGATE POLLINATION MUTUALISMS
    The present study found that the association
between partners in obligate pollination mutualisms
is largely asymmetric at various taxonomic Ievels. At
the level of species within a range of geographic
distribution, I!ipicephala species are locally specific
to a single host species, although a single species can
have associations with more than one host across
different populations. In contrast, some host species
had more than one pollinator species within a single
popuJation, or even within a single tree (Kawakita
and Kato 2006). At the supraspecific level, pattems
of speciation in the two partners are correlated but
not compietely parallel, and drastic shifts between
distant host species have apparently occurred
repeatedly in these interactions (Kawakita et al.
                                           70
  2004). At the macroevolutionary level, the
  asymmetry was even more prominent, with the
  association gained andlor lost multiple times within
  the plant lineage, although major moth clades were
  largely restricted to major host lineages.
     Recent studies in other obligate mutualisms have
 also found similar asymmetries of association, even
  among interactions that have been long believed to
  have diversified in parallel (Aanen et al. 2002; Currie
  et al. 2003; Molbo et al. 2003; Villesen et al. 2004;
 Mikiheyev et al. 2006). For example, the interaction
 between figs and fig wasps has long provided
 textbook xamp es of faithful associations, but recent
 molecular techniques have revealed cryptic and
 complex ssociations as those fOund in Glochidion
 and Elpicephala (Molbo et al. 2003). In a
 coeyolutionary interaction between leaf .cutter ants
 and their cultivated fungi, Mikheyev et al. (2006)
 fbund genetic evidence that fungal cultivars are
 commonly transmitted horizontallM and the pairwise
 specificity is often broken down, despite long held
 assumption of strict clonality and yertical
 transmission of the cultivars in these associations.
 Improved understandings of asymmetries in various
 coevolutionary interactions would yield specific
 predictions that can be further analyzed. For example,
how does mutualisms remain stable in face of co-
 occurrence of multiple partners that can potentially
 disrupt the mutualism? How do asymmetries of
 association atfect genetic structure of the partners and
 how does this contribute to speciation and
 diversifi ation? How o global human introductions
 of mutualist lin ages affect Iocal ecological dynamics
and evolutionary outcomes? Appreciation of
 widespread asymmetries in coevolving interactions
provide important hamework for these analyses,
which are central to our understandings of
coevolutionary process, mutualilsm stabilitM and
maintenance of biodiversity.
      MUI;TIPLE ORIGINS OF OBLIGasE
         POLLINATION MUTUALISMS
   The present study showed that obligate
pollination mutualism arose independently in several
line ges of Phyllanth ceae. In constrast, there wa's
only a single origin of active pollination behavior in
lipicephala, indicating that this trait has been
crit cally important in the evolution and maintenance
of this intriguing association (Eg. 1). The analysis of
divetgence times indicated that Elpicephala moths
coloniz d Phyl ntheae plants after they have partly
divers fied, and subs quently spread the mutualism
among multiple plant lineages. These results
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Fig. 1. Schematic illustration of phylogenetic relationships and divergence tirnes in three systems of obligate seed-parasitic pollination. Thick
lines indicate lineages involved in the mutualistic association, and thin lines indicate those that are not. The fig-fig wasp mutualism is
estimated to have oiiginated ca. 75 mya in the Cretaceous, whereas the yuccaryucca moth mutualism is suggested to have originated ca. 40
mya in the Eocene, The Phyllantheae-Illr)icelphala mutualism is the youngest of the three systems. Pollination habit has evolved only once in
each of the three systems and subsequently lost several times. Evolution of mutualism in the plant lineage has occurred once in the figs,
twice in the yuccas, and as much as five times in Phyllantheae.
in promoting the origin of mutuaiisms and enormous
impacts they can have on evelutionary consequences
of the partnez Also, these findings highlight the
impoitance of ecological precoRditions that facilitate
multiple occurrences of similar mutualistic
associations (Thompson 1994, 2oo5; Pellmyr et al.
1996). Particularly importaRt traits include active
pollinating habit, high host-plant specificty, and
pollen limitation of frruit set.
   Studies in the yucca-yucca moth system has also
found that active pollination behavior had been the
key innovation in this mutualism (Pellmyr and
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Thomp on 1992). Ecological conditions that have
promoted the volution of mutualisms were common
in their ancestors, and these preadaptations have
likely facilitated independent evolution of obligate
pollin tion m tualisms between related yucca moths
and saxihagaceous plants (Pellmyr and Thompson
1992; Pellmyr et al. 1996). The importance of
ecological conditio s in promoting mutualisms is
also noticed in obligate protective anFplant
mutualisms such as those between
pseudomyrmecin s and acacias. Janzen (1966)




plant traits as critical to the mutualism, but most of
the traits were already present in their ancestors or
slightly modified at most. ConsequentlY, there are at
least five independent origins of obligate mutualisms
in this association (Janzen 1996; Ward 1991) with
production of food bodies by the plants and pruning
behavior of encroaching vegetation by ants being
truly novel innovations.
   Mutualisms are major components of most
ecosystems, and thus understanding the evolutionary
process of these important interactions are critical to
improving our knowledge on their roles in promoting
biodiversity. A robust phylogenetic framework and
details of life histories as provided in this study allow
for future detailed analyses of the factors that
facilitate the evolution of mutualisms. The
association between Phyllanthaceae and lipicqphala
is particularly usefu1 because the mutualisms have
independent origins, and thus allow multiple
comparisons within a single coevolving interaction
(Fig. I).
     OBLIGIffE POLLINATION MUTUALISM AS
  DRIVER OF RECIPROCAL DIVERSIFICATION
   The obligate pollination mutualisms betweeR
Phyllanthaceae plants and jElpicephala moths are
evolutionarily successfuI interactions, as each of
them has diversified into at least more than 500
species in tota1. Although only 40 species have been
currently described as lipicephala (de Prins and de
Prins 2005), the actual diversity of this genus is
p rhaps, with the exception of a few hypeFdiverse
genera (e.g., Phyltonoi ycter), one of the highest of all
genera in Gracillariidae. Similarly, the tribe
Phyllantheae includes more than 1200 species, being
by far the largest tr be within the family (Hoffmann et
al. 2006). Although identifying the historical role of
coeyolution in shaping diversification requires
studies from various approaches, the present system
provides a prom sing candidate for such analyses.
Independe t rigins of mutualisms aliow
macroevolutionary analysis of the pattems of
d versification in lineages with and without
llpicqp ala pollina ors, which will be possible once
r bust clas ification and estimate of species
abundance for each lineage become available.
Meanwhile, ecological analyses should disentangle
various factors that are extrinsic to the interaction and
identify truly coevolutionary traits that actually
function to promote reciprocal diversification.
Coevolution is one of the major processes promoting
diversification and speciation (Thompson 1994;
1999), and thus insights obtained from these model
systems would surely provide templates for general
understandings of the 'coevolutionary processes
shaping othe4 more complex planGpollinator
           'mutualisms. - ' '
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